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ABSTRACT 
 Plant media has been developed over the last six decades, yet, there has not been 
medium optimized for microplant greenhouse growth, which may be important for 
producing chemical compounds and preparing transplants for success in the field. A 
series of multi-factor optimization experiments were conducted on turmeric (Curcuma 
longa L., genotype L 35-1) to identify the effects of mineral nutrition and plant density in 
vitro on laboratory and greenhouse production. The first experiment optimized PO43-, 
Ca2+, Mg2+, and KNO3 for five-months growth in bioreactors with periodic 
supplementation of sucrose solution +/- nutrients. Phosphorus (6.25 mM) increased 
sucrose supplement and rhizome dry biomass. However KNO3 (60 mM) increased water 
supplement and fresh plant biomass. Two optimal media were developed for plant 
multiplication based on in vitro plant density, whereas high plant density required 9 mM 
Ca2+ and 60 mM KNO3 and low plant density required 3 mM Ca2+ and 20 mM KNO3. 
Bioreactor plants were transferred to the greenhouse for 6-months and fertilized with 
either high- or low-input fertilizer. Large bioreactor plants developed with 6.25 mM 
PO43-, but in the greenhouse plants had more offsets and grew larger with receiving less 
than 6.25 mM PO43- and less than 6 mM Ca2+ media. Mineral interactions affected 
curcuminoids concentration in greenhouse finished dry rhizomes regardless of plant 
density under high-input fertilizer. Curcumin concentration increased with low-input 
fertilizer 6 buds/vessel and 6.25 mM PO43-. Another mineral experiment was conducted 
on genotypes L35-1 and L22-5 and compared various optimized media to an MS control. 
Regardless of genotype, 5 mM NH4+, moderate KNO3, and 2 mM Ca2+ yielded plants 
 iii 
with longest shoots and largest leaves after a 21d acclimatization period. Results 
concluded that high plant density combined with proper mineral nutrition yielded more 
plants in vitro that continued to grow better during subsequent greenhouse growth. There 
was consensus across experiments of optimal media for greenhouse responses that 
differed from what was optimal in vitro. Optimizing in vitro medium for turmeric 
greenhouse growth can be used as a model to identify optimum medium for other crops, 
so laboratories can create more value for their customers.  
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CHAPTER ONE 
IN VITRO GROWTH OF Curcuma longa L. IN RESPONSE TO FIVE MINERAL 
ELEMENTS AND PLANT DENSITY IN FED-BATCH CULTURE SYSTEMS 
 
Abstract 
Plant density was varied with PO43-, Ca2+, Mg2+, and KNO3 in a multi-factor 
experiment to improve Curcuma longa L. micropropagation, biomass and microrhizome 
development in fed-batch liquid culture. The experiment had two paired D-optimal 
designs, testing sucrose fed-batch and nutrient sucrose fed-batch techniques. When 
sucrose became depleted, volume was restored to 5% m/v sucrose in 200 mL of modified 
liquid MS medium by adding sucrose solutions. Similarly, nutrient sucrose fed-batch was 
restored to set points with double concentration of treatments’ macronutrient and MS 
micronutrient solutions, along with sucrose solutions. Changes in the amounts of water 
and sucrose supplementations were driven by the interaction of PO43- and KNO3 
concentrations. Increasing PO43- from 1.25 to 6.25 mM increased both multiplication and 
biomass. The multiplication ratio was greatest in the nutrient sucrose fed-batch technique 
with the highest level of PO43-, 6 buds/vessel, and the lowest level of Ca2+ and KNO3. 
The highest density (18 buds/vessel) produced the highest fresh biomass at the highest 
concentrations of KNO3 and PO43- with nutrient sucrose fed-batch, and moderate Ca2+ 
and Mg2+ concentrations. However, maximal rhizome dry biomass required highest PO43-
, sucrose fed-batch, and a moderate plant density. Different media formulations and fed-
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batch techniques were identified to maximize the propagation and storage organ 
responses. A single experimental design was used to optimize these dual purposes.  
 
Introduction 
Liquid culture has inherent advantages for studying mineral nutrition when 
compared to semi-solid (agar-type) medium (De Klerk and Brugge 2011; Adelberg et al. 
2010). The lack of gradients within the medium and the greater water availability allows 
higher ranges of concentrations to be effective, and nutrients can be replenished as 
needed (Adelberg and Fári 2010). In micropropagation, liquid cultures simplify plant 
material transfer, sterilizing and filling vessels, and allows for more rapid growth, as clear 
tangible benefits to culture on semi-solid agar culture (Etienne and Berthouly 2002). 
Labor costs can be further reduced via automation with large-scale bioreactors (Paek et 
al. 2001). However, plants continuously submerged, in high relative humidity and with 
unbalanced mineral concentrations in the medium show physiological and morphological 
disorders referred to as hyprehydricity (Ziv 1991). Temporary immersion techniques 
reduce abnormality and increase nutrient uptake, with improved tissue quality apparent 
during greenhouse acclimatization (Etienne and Berthouly 2002). 
Micropropagation is usually conducted as a batch culture, with all of the nutrient 
medium and plant material combined on the first day of culture, and the tissue removed 
on the last day. Vessel size and medium volume may limit the growth (Adelberg and Fári 
2010). Time-consuming subculture required maintaining growth adds most of the cost to 
produce micropropagated plants (Sluis 2006). Fed-batch techniques allow one or more of 
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the medium’s components to be periodically supplemented during a culture cycle (Payne 
et al. 1992) increasing the biomass and chemical production of the cell cultures (Chang et 
al. 2012; Ferri et al. 2010) or organ culture (Sim and Chang 1999; Wu and Shi 2008). 
Liquid systems are especially useful for growth and development of plant storage 
organs (Takayama and Akita 2005). In one example of shoot culture with turmeric, 
sucrose fed-batch bioreactors allowed in vitro production of rhizomes with their dry mass 
directly related to the sucrose consumed (Cousins and Adelberg 2008). Dried rhizomes of 
turmeric (Curcuma longa L.), a perennial herb, have economic value as a spice, dye, and 
a source of therapeutic and bioactive metabolites (Madan 2007). Turmeric rhizomes with 
strong anti-oxidant properties were developed in large volume (2.5 L) bioreactor cultures 
when sucrose and water were added to prolong the culture period over 15 to 24 weeks 
(Adelberg and Cousins 2006; Cousins and Adelberg 2008). 
MS medium (Murashige and Skoog 1962) has been used for the tissue culture of 
most crops (De Klerk and Brugge 2011), but may not be an optimal formulation in many 
of these applications (Niedz and Evens 2007). For example on MS medium the inorganic 
elements PO43-, Ca2+, Mg2+, Mn2+, and B3+, were deficient in daylily culture (Adelberg et 
al. 2010), and PO43- and Mg2+ were deficient in turmeric culture (Adelberg et al. 2013). 
Mineral nutrition is a multifactor problem and modern designs with response surface 
models were effectively used to screen nutrient salt components of MS for 
micropropagation (Halloran and Adelberg 2011). Comprehensive strategies to screen 
groups of salts, based on mineral use (Niedz and Evens 2007; Reed et al. 2013a) or 
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elemental analysis of the foliage tissue (Adelberg et al. 2013) have been used for media 
optimality studies.  
The relation between the number of plants, medium volume and nutrient 
requirement should be considered in specifying optimal nutrient concentrations during a 
medium formulation experiment. In turmeric micropropagation, plant density and 
medium volume altered the amounts of nutrients used with different optimal mineral 
solutions required for high and low density cultures (Adelberg et al. 2013). Sucrose 
concentration in media affects dry mass and the amount of NH4+, NO3, Ca2+, Mg2+, and 
K+ taken up (Arigita et al. 2010). Multiplication and plant growth responses to plant 
density varied with medium volume and nutrient availability (Yunque et al. 2011). This 
prior work was conducted in batch cultures. 
Maximizing in vitro shoot multiplication and biomass production may have 
different optimal concentrations in a fed-batch system, when the entire amount of nutrient 
does not need to be concentrated at initiation. The objectives of this current work with a 
turmeric rhizome bioreactor system were (1) to determine the main and interactive effects 
of the mineral nutrients PO43-, Ca2+, Mg2+, and KNO3 on growth and development (2) to 
investigate the interactive effects with the process variables, plant density and fed-batch 
technique (3) to determine how the amount of sucrose and water required to maintain set 
points varied with the factors above, and (4) to compare the optimal in vitro media for 
turmeric shoot and rhizome growth. Optimal concentrations and combinations of mineral 
nutrients were formulated to maximize propagation or dried rhizome biomass.  
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Materials and Methods 
Plant Material 
Curcuma longa L. accession L35-1 was supplied by University of Arizona, 
Southwest Center for Natural Products Research and Commercialization (UA Herbarium 
375,742, ARIZ). Quiescent shoot tips were separated from rhizomes then sterilized and 
initiated in stage I as previously described by Cousins and Adelberg (2008). Stage II buds 
were maintained during five years by routine subculture (5-week periods) on 33 mL of 
modified MS liquid medium on a 100 rpm gyratory shaker, in 180 mL cylindrical glass 
vessels, with Magenta B cap closures (Magenta Corp, Chicago IL, USA), 1 µM BA, 60 g 
sucrose per liter, pH 5.7. Vessels were incubated at 23±2ºC under cool white fluorescent 
lights with the intensity of 30 µmol m2s-1 photosynthetically active radiation (PAR) for 16 
hours per day. Prior to the experiment, buds were assigned to treatment media based on 
method previously described (Adelberg et al. 2013) with plants sub-cultured 3 times to 
acclimatize to treatment conditions prior to bioreactor culture.  
 
Treatment Media in Bioreactors 
Treatment media were prepared similar to MS stage II media (above) except with 
5% m/v sucrose, 3 µM BA, and 5 mM ammonium sulfate. The combinations of 
phosphorous (1.25, 3.75, and 6.25 mM), calcium (3, 6, and 9 mM), magnesium (1.5, 3, 
and 4.5 mM), potassium nitrate (20, 40, and 60 mM), and plant density levels of 6, 12, 
and 18 buds/vessel were chosen based on D-optimal criteria (Anderson-Cook et al. 2009) 
as shown in (Table 1.1). The influence of the minerals as ions (except KNO3) on plant 
 6 
responses were tested to avoid the confounding effect of cation and anion pairs in salts 
(Halloran and Adelberg 2011), and sulfate was used as a counter ion to maintain charge 
balance in different media solution (Adelberg et al. 2013). Media pH was measured but 
not controlled.  
The trimmed buds were transferred to 35 pairs of bioreactor vessels as specified 
in Table 1.1. Each vessel (2.5 L Liquid Lab Vessels, Southern Sun Inc., Hodges, SC) 
contained 200 mL of treatment medium. The entire experiment was duplicated for the 
sucrose fed-batch (SF) and the nutrient sucrose fed-batch (NSF) process. The bioreactors 
were set on an intermittent immersion rocker system (Adelberg and Cousins 2006) one 
rotation per minute, for 22-weeks experimental period.  
 
Fed-Batch Techniques 
The amount of sucrose and water added during sucrose fed-batch (SF) was 
calculated by the known addition techniques of Cousins and Adelberg (2008). Sucrose 
concentration was measured by a refractometer (Atago Model N10, Atago Instruments 
Ltd., Tokyo, Japan) before (Sb) and after (Sa) the aseptic addition of 10 mL of 20% m/v 
sucrose solution. Estimates of media volume remaining mL (Vr), volume used mL (Vu), 
the concentration of sugar used % m/v (Su), and the mass of the sugar used g (Sg) were 
made with the following equations:  
𝒱𝔯 = 200− 𝒮𝔞×10 ÷ 𝒮𝔞− 𝒮𝔟  
𝒱𝔲 = 190− 𝒱𝔯 
𝒮𝔲 = 1000− 𝒮𝔞× 𝒱𝔯+ 10 ÷ 𝒱𝔲 
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𝒮𝔤 = 𝒱𝔲×𝒮𝔲 ÷ 100 
A sterile sucrose solution was prepared for each vessel to restore 5% m/v sucrose 
and 200 ml medium volume. With NSF group, in addition to sucrose solution, volumes of 
double concentration of the factors’ macronutrient and MS micronutrient solutions were 
required to restore set points (Vn). Spent media samples (Vs) were taken before adding 
20% m/v sucrose solution, to NSF vessels. Flow Injection Analyzers (FIAlab-2500; 
FIAlab instruments, Inc., Bellevue, WA, USA) was used to determine nitrate 
concentration. Thermo Jarrell Ash Model 61E Inductively Coupled Plasma (ICP; 
Analytical West, Inc., Corona, CA, USA) was used to measure elements concentrations 
(PO43-, K+, Ca2+, Mg2+, Mn2+, SO42-, Fe3+, B3+, Zn2+, Na+, Cl-, and Cu2+) in the spent 
media (Agricultural Service Laboratory, Clemson University). Manganese was chosen as 
a standard element to estimate minerals used based on the correlation between Mn2+ used, 
and other minerals (Table 1.2). The amount of Mn2+ (Mnu) required restoring set-point of 
5.5 ppm Mn2+ was estimated by these equations: 
ℳ𝓃𝔲 = 5.5×200 − ℳ𝓃𝔪×𝒱𝔯  
𝒱𝔫 =ℳ𝓃𝔲÷ 5.5×2  
Where Mnm= Mn2+ measured. Water volume mL as (Vw) which required 
restoring set-point of medium volume (200 mL) was calculated by this equation: 




Plants were removed from the vessel at the 22nd week. Multiplication ratio 
(number of harvested plants / initial buds) and fresh and dry biomass of whole plants, 
roots, leaves, and rhizomes were measured. Tissues were dried in an oven at 80ºC for 72 
hours. 
 
Experimental Design and Statistical Analysis 
D-optimal criteria were used to choose 35 in vitro treatments combinations (out of 
243 possible combinations of the five treatment factors at three levels each). Three true 
replicates of the treatment combinations were conducted.  Sulfate was considered as a 
covariate with the factors PO43-, Ca2+, and Mg2+ (Table 1.1). The experiment was 
duplicated for an additional qualitative factor at two levels (fed-batch techniques) when 
plants transferred to the bioreactors. Response surface models, including parameters for 
all the possible linear, quadratic, and interaction terms of the factors, were developed 
using stepwise forward model building techniques. Parameters were considered 
significant and included in the final model when the null hypothesis (Ho: model 
parameter = 0) test produced a P-value <0.01. The utility of the final model was assessed 
by a combination of the following criteria, (1) the R2 value, (2) the adjusted R2 value 
(R2a), (3) the predictive R2 value (R2P), and (4) the F statistic and P-value. The maximum 
(or minimum) for water supplementation, sucrose supplementation, multiplication ratio, 
fresh biomass, and rhizome dry biomass were determined from the final model and used 
to find the optimal concentrations of the treatment factors (i.e., concentrations that 
produced the desired means of water supplementation, sucrose supplementation, 
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multiplication ratio, fresh biomass, and rhizome dry biomass). The design, analysis, and 
graphical visualization were prepared by JMP version 11.0 (SAS Inst., Cary, NC).  
 
Results and Discussion 
Bioreactors may be used for either micropropagation or production of 
biochemicals in plant biomass. Curcuma longa L. multiplication ratio, fresh biomass, and 
rhizome dry biomass were selected as responses to show the applications for both 
purposes. Development of storage organs (e.g. micro-rhizomes in turmeric) required 
maintaining growth over several months by adding water and sucrose on a timely basis 
(Cousins and Adelberg 2008). Therefore, optimizing nutrient element formulations for 
this time frame required sucrose and water supplies to be monitored and controlled.  
 
Water and Sucrose Supplementation 
The amount of sucrose and water needed in the fed-batch technique was affected 
by the treatment factors in this experiment. Potassium nitrate, the KNO3 × PO43- 
interaction, the KNO3 × Ca2+ interaction, and plant density (Table 1.3) all significantly 
affected water use. Water use increased with increasing KNO3 concentration. Water use 
also increased as PO43- increased at the highest concentration of KNO3. For example, at 
60 mM KNO3 and 6.25 mM PO43- the water supplement was maximized to 471±23 mL 
(Figure 1.1) when other factors remained in the optimal concentrations (18 buds/vessel, 3 
mM Ca2+, 1.5 mM Mg2+, in SF) and plants required the most water (Table 1.3).  
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However, the amount of sucrose supplemented was significantly affected by PO43-
, plant density, PO43- × KNO3 interaction, fed-batch technique, and PO43- × plant density 
interaction (Table 1.4). Phosphorous was the most important factor based on the effect 
size as measured by the ANOVA mean square. The PO43- × KNO3 interaction showed the 
greatest sucrose addition was needed when KNO3 increased at the highest concentrations 
of PO43- (6.25 mM). However, at 1.25 mM PO43-, a greater sucrose addition was needed 
when potassium nitrate was decreased. With PO43- and KNO3 at the highest concentration 
and the highest plant density, 30±1 g/vessel of sucrose was needed to maintain set point 
with NSF (Figure 1.2).  
It is apparent that increased macronutrients (NO3-, PO43-, and K+) and plant 
density increased turmeric’s need for water and sucrose in the bioreactor system. It is 
likely that if water and sucrose had not been adjusted in accordance with use, growth 
responses would have been diminished by sub-optimal or super-optimal amounts of water 
or sucrose. For example, turmeric growth was reduced at 8% m/v sucrose in liquid MS 
medium, compared to 4-6%, (Adelberg and Cousins 2007) and a static constant feed 
sucrose protocol would result in some of low PO43- medium treatments being inhibited by 
super-optimal sucrose concentrations.  
 
Multiplication Ratio 
Plant density, PO43-, and the fed-batch technique were the most important factors 
in the multiplication ratio model (Table 1.5). The highest multiplication ratio occurred 
when the plant density was lowest (6 buds/vessel). In sugarcane (Walker et al. 1991), 
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hosta (Adelberg 2005), garlic (Kim et al. 2004), and palm culture (Mazri 2013), the 
multiplication increased with lowered plant density. Increasing PO43- from 1.25 mM, 
which is the concentration of PO43- in the standard MS medium and the lowest 
concentration tested to 6.25 mM PO43- produced more plants. Nutrient sucrose fed-batch 
cultures enhanced plant multiplication and the combined effects of PO43- and plant 
density had the greatest response when PO43- had the highest concentration (6.25 mM) 
and plant density was the lowest, 6 buds/vessel (Figure 1.3). In a similar study in batch 
culture of turmeric, the fewest buds had the most the multiplication (4.8-fold) with PO43- 
increased to 4.11 mM (Adelberg et al. 2013). 
Similar to previous work (Adelberg et al. 2013) in batch culture of turmeric, the 
optimal concentration of Ca2+ and KNO3 for multiplication depended upon the plant 
density (Table 1.5). Few buds and low Ca2+ concentration allowed greatest multiplication 
(Figure 1.4). In 20 mM KNO3, raising plant density or Ca2+ caused a great reduction in 
multiplication (from 5- to 3-fold) as shown in Figure 1.4a. But in 60 mM KNO3, 18 
buds/vessel yielded a moderate multiplication ratio 4-fold. At high KNO3 (60 mM) the 
flattened contour surface indicates more freedom to vary parameters. For example, when 
the greatest number of plants is preferred, then 60 mM KNO3 with high Ca2+ will allow 
large initial density to yield around 4-fold without causing any reduction in multiplication 
due to the high density (Figure 1.4b). This is similar to the results where the Ca2+ × 
KNO3 interaction allowed the greatest production of new plants in high-density culture 
when the amount of Ca2+ and KNO3 increased in batch culture (Adelberg et al. 2013). 
Although we could optimize the multiplication for very few plants (6 buds/vessel), it may 
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be more productive to accept moderate multiplication for higher population density (18 
buds/vessel). For example, 5-fold multiplication with 6 initial buds yields 30 plants, 
while 4-fold with 18 initial buds yields 72 plants. 
 
Fresh Biomass 
Turmeric biomass was affected by fed-batch techniques, and the KNO3 × fed-bath 
interaction, KNO3, the PO43- × fed-batch interaction, and the initial plant density (Table 
1.6). It was important to note that during NSF, other nutrients (SO42-, Fe3+, Mn2+, Zn2+, 
B3+, Cl-, Na+, and Cu2+) that were not independent treatment factors appeared to interact 
with KNO3 to produce the greatest biomass. Similarly the response to PO43- was driven 
by KNO3, and since PO43- was modeled as an independent variable, these effects were 
presented graphically (Figure 1.5). At 20 mM KNO3, PO43- has a low impact, where the 
fresh biomass had increased from 131±14 to 156±14 g/vessel (Table 1.6). However the 
increase in KNO3 at low PO43- (1.25 mM) raised the fresh biomass to 269±14 g/vessel. 
Combining the highest concentration of PO43- and KNO3 yielded the greatest mass 
(345±14 g/vessel). In high-density cultures, increasing the biomass required high KNO3 
(Table 1.6). However, decreasing Ca2+ concentration from 9 to 3 mM slightly increased 
the fresh biomass at 60 mM KNO3.  
 
Rhizome Dry Biomass 
The harvested portion of turmeric is the rhizome and the quality of turmeric is 
conferred by the concentration of secondary metabolites in rhizome dry biomass (Madan 
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2007). A normal characteristic yellow color, aromatic odor, primary and secondary 
rhizomes, and stolon structures were observed in these bioreactor grown plants. 
Optimized dry biomass of rhizomes in this system had a very different response 
from multiplication and biomass. The most important factors were PO43-, fed-batch 
techniques, and plant density (Table 1.7). Increased PO43- increased the rhizome dry 
biomass and SF produced greater dry biomass than NSF (10±1.6 g/vessel vs. 5±1.8 
g/vessel). 
Sucrose fed-batch (with incipient nutrient depletion) may induce plants to start 
translocation of carbohydrates and other solutes from the leaves, which increased the dry 
biomass of storage organs (Adelberg and Cousins 2006). In a similar study turmeric in SF 
system over 23 weeks, the leaf fresh biomass was reduced after 15 weeks while the 
rhizome dry biomass increased for the entire 23 weeks (Cousins and Adelberg 2008). 
Rhizome biomass increased with plant density up to 14 buds/vessel (Figure 1.6), but 
higher densities did not increase rhizome biomass.  
Calcium and Mg2+ had a role in rhizome dry biomass and the highest rhizome dry 
biomass combined the greatest concentration of both Mg2+ and Ca2+ (Table 1.7). Unlike 
fresh biomass, KNO3 did not have a major effect on rhizome dry biomass. In prior work 
with bioreactor grown-turmeric rhizomes, N-deficiency lowered plant biomass, rhizome 
biomass was not affected and phenolic compounds were increased (Cousins et al. 2009). 
In this work, KNO3 was the largest source of inorganic nitrogen (20-60 mM), since NH4+ 
was fixed at 5 mM. 
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Optimal Formulae of Turmeric Cultures 
Different optimal media were shown to optimize in vitro turmeric growth 
depending on the chosen response (Table 1.8). Two formulae were developed for high 
and low plant densities (6 and 18 buds/vessel) to maximize plant multiplication ratio by 
modifying the concentrations of KNO3 and Ca2+. Low density required lowest 
concentrations of Ca2+ and KNO3 and high density required the highest concentrations. 
Other work with batch culture of turmeric shows a low plant density formula maximized 
turmeric multiplication in low Ca2+ and KNO3 concentrations, and in the high plant 
density culture the production of new plants increased with the increased concentrations 
of Ca2+ and KNO3 (Adelberg et al. 2013).  
The optimal formula for fresh biomass for high plant density used the highest 
concentrations of PO43- and a moderate concentration of KNO3 (6.25 and 60 mM) 
respectively (Table 1.8). Applying the maximal biomass model in Table 1.5 would yield 
a multiplication ratio to 3.4±0.4 fold in the high-density and is not optimal for 
multiplication. 
Rhizome dry biomass has a different set of optimal conditions and was 
antagonized by NSF technique that was better suited for propagation. The rhizome dry 
biomass was estimated to be 3±1.8 g/vessel from multiplication formula (6 buds/vessel, 
6.25 mM PO43-, 3 mM Ca2+, and 20 mM KNO3 in NSF) and to 5±1.8 g/vessel from fresh 
biomass formula (18 buds/vessel, 6.25 mM PO43-, 3 mM Ca2+, 3 mM Mg2+, and 60 mM 
KNO3 in NSF). However, maximum rhizome dry biomass (19.5±1.8 g/vessel) was 
produced from 14 buds/vessel, 6.25 mM PO43-, 9 mM Ca2+, 4.5 mM Mg2+, and 36 mM 
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KNO3 in SF (Table 1.8).  The same formula reduced the rhizome dry biomass to about 
13±1.8 g/vessel in NSF. Sucrose fed-batch (SF) is a simper technique than NSF and also 
yields higher dry rhizome biomass than NSF. 
Five months of bioreactor culture required 26.8±1 g/vessel of sucrose to produce 
19.5±1.8 g of rhizome dry biomass in SF with 6.25 mM PO43- (and other factors 
maximized by rhizome dry biomass formula Table 1.8). Phosphorous played an 
important role to increase sucrose conversion to dry biomass. With 1.25 mM PO43- (MS 
level), only 10.5±1.8 g/vessel of rhizome dry tissue was produced from 22.4±1 g/vessel 
sucrose in SF, and 8.3±1.8 g/vessel of rhizome dry tissue required 23.9±1 g/vessel 
sucrose in NSF (Table 1.4 and 1.7). Bioconversion of sucrose to turmeric rhizome creates 
value and the efficiency of that conversion was greatly influenced by the concentrations 
of the mineral nutrients.  
 
Conclusion 
Plant growth and development in large vessels (2.5 L) over a long period in 
treatment conditions (5-months) allowed significant expression of the effects of the 
treatment factors on turmeric growth. The models presented here have better predictive 
value (R2p) than the models prior work in small vessels (180 mL) batch cultures over 35-
days with similar treatment factor combinations (Adelberg et al. 2013). The sparsely 
sampled design space was allowed accurate modeling of complex relationships in fed-
batch bioreactors. Prior work with SF bioreactors shows sucrose conversion to rhizome 
mass in turmeric can be scaled from batch to fed-batch over longer periods of time 
 16 
(Cousins and Adelberg 2008). Similarly, NSF technique, 2.5 L vessels, and experimental 
designs used in this work could predict mineral use and optimal nutrition for larger-scale 
bioreactors.  
Potassium nitrate and PO43- induce fresh and dry plant biomass when water and 
sucrose are supplied in adequate amounts through a fed batch process. NSF technique is 
recommend when 1) propagating at low plant density which is appropriate for increasing 
the number of elite plants in vitro, and 2) using high plant density required more nutrients 
to produce more biomass. However, rhizomes have a different optimal medium than 
multiplication ratio and fresh biomass production with the incipient nutrients stress of SF 
necessary to maximize rhizome dry biomass. Optimal concentrations of the mineral 
nutrients in a media formulation changes with the desired response and the process used.  
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Table 1.1 Treatment combinations of PO43-, Ca2+, Mg2+, KNO3, and plant density 
(buds/vessel) of turmeric included three replicates. Sulfate was a covariate and the entire 
design was repeated for both nutrients sucrose fed-batch and sucrose fed-batch 
techniques. 
Buds/Vessel PO43- mM Ca2+ mM Mg2+ mM KNO3 mM SO42- mM 
6 1.25 3 1.5 20 6.50 
6 1.25 3 3 40 8.00 
6 1.25 6 4.5 60 12.50 
6 1.25 9 1.5 60 12.50 
6 1.25 9 3 40 15.50 
6 1.25 9 4.5 20 15.50 
6 3.75 3 4.5 60 8.25 
6 3.75 9 1.5 40 11.25 
6 6.25 3 1.5 60 4.13 
6 6.25 3 4.5 20 7.13 
6 6.25 6 3 20 8.50 
6 6.25 9 1.5 20 10.00 
6 6.25 9 4.5 40 13.00 
6 6.25 9 4.5 60 13.00 
12 1.25 3 4.5 60 9.50 
12 1.25 6 1.5 20 9.50 
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12 3.75 9 4.5 20 14.25 
12 6.25 3 1.5 40 4.13 
12 6.25 3 4.5 20 7.13 
12 6.25 9 3 60 11.50 
18 1.25 3 1.5 60 6.50 
18 1.25 3 4.5 20 9.50 
18 1.25 9 1.5 20 12.50 
18 1.25 9 3 40 14.00 
18 1.25 9 4.5 60 15.50 
18 1.25 9 4.5 60 15.50 
18 3.75 3 3 20 6.75 
18 3.75 6 1.5 60 8.25 
18 6.25 3 1.5 20 4.13 
18 6.25 3 4.5 60 7.13 
18 6.25 3 4.5 60 7.13 
18 6.25 6 4.5 40 10.00 
18 6.25 9 1.5 20 10.00 
18 6.25 9 1.5 60 10.00 
18 6.25 9 4.5 20 13.00 
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Table 1.2 The correlation matrix of the minerals used in the first cycle. Use of 13 
elements by turmeric tissue during 8-weeks in treatment conditions was correlated with 




Table 1.3 The model of water supplemented (mL/vessel) to maintain growth over 22-
weeks in treatment condition. The forward stepwise method selected the final model that 
had R2 = 0.768, R2a = 0.686, R2p = 0.555, and F statistic = 9.419 at P<0.0001.  
Model terms Model 
coefficients 
P-value  Mean square 
KNO3 mM 1.4122±0.2196 <0.0001 22812.195 
PO43- × KNO3 mM 0.3561±0.0804 <0.0001 10811.856 
Ca2+ × KNO3 mM -0.2650±0.0779 0.0016 6386.364 
Buds/Vessel 2.1002±0.6246 0.0018 6236.240 
NSF × KNO3 mM 0.5220±0.2041 0.0148 3607.652 
PO43- mM 3.5208±1.4171 0.0176 3405.090 
NSF × Buds/Vessel -1.3947±0.6130 0.0288 2855.128 
Mg2+ × KNO3 mM -0.3163±0.1614 0.0576 2118.326 
NSF -5.6030±3.3997 0.1078 1498.296 
(PO43- mM)2 2.9495±1.8434 0.1181 1412.218 
Ca2+ mM -1.8598±1.2451 0.1437 1230.768 
NSF × Mg2+ mM 3.2262±2.5977 0.2221 850.905 
Mg2+ mM 2.3164±2.6296 0.3841 428.048 
NSF stands for Nutrients Sucrose Fed-batch.  
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Table 1.4 The model of sucrose supplemented (g/vessel) to maintain growth over 22-
weeks in treatment conditions. The forward stepwise method selected the final model that 
had R2 = 0.922, R2a = 0.891, R2p = 0.843, and F statistic = 30.235 at P<0.0001.  
Model terms Model 
coefficients 
P-value  Mean square 
PO43- mM 0.7699±0.0589 <0.0001 163.1830 
Buds/Vessel 0.2815±0.0260 <0.0001 111.7560 
PO43- × KNO3 mM 0.0177±0.0033 <0.0001 26.1961 
NSF 0.6202±0.1429 0.0001 18.0093 
Buds/Vessel × PO43- mM 0.0355±0.0110 0.0028 9.8469 
(Buds/Vessel)2 -0.0277±0.0102 0.0104 6.9959 
(Mg2+ mM)2 -0.3302±0.1788 0.0730 3.2623 
NSF × Mg2+ mM 0.1659±0.1041 0.1199 2.4278 
Ca2+ mM -0.0782±0.0527 0.1466 2.1059 
(KNO3 mM)2 -0.0015±0.0010 0.1519 2.0498 
NSF × Buds/Vessel -0.0342±0.0255 0.1885 1.7188 
KNO3 mM 0.0197±0.0151 0.2006 1.6262 
Buds/Vessel × KNO3 mM 0.0017±0.0015 0.2470 1.3247 
Mg2+ mM 0.0434±0.1317 0.7434 0.1041 
NSF stands for Nutrients Sucrose Fed-batch.  
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Table 1.5 The model of turmeric multiplication ratio over 22-weeks in treatment 
conditions. The forward stepwise method selected the final model that had R2 = 0.708, R2a 
= 0.626, R2p = 0.528, and F statistic = 8.611 at P<0.0001.  
Model terms Model 
coefficients 
P-value  Mean square  
Buds/Vessel -0.0658±0.0128 <0.0001 6.2754 
PO43-mM 0.1284±0.0295 <0.0001 4.4883 
NSF 0.3058±0.0706 0.0001 4.4524 
Buds/Vessel × Ca2+ mM 0.0153±0.0050 0.0043 2.1803 
Buds/Vessel × KNO3 mM 0.0022±0.0007 0.0058 2.0219 
Ca2+ mM -0.0648±0.0255 0.0154 1.5256 
KNO3 mM -0.0127±0.0071 0.0823 0.7556 
(KNO3 mM)2 0.0008±0.0004 0.0935 0.7024 
PO43- × KNO3 mM 0.0029±0.0017 0.1114 0.6419 
Ca2+ × KNO3 mM 0.0025±0.0015 0.1083 0.6305 
NSF × Buds/Vessel -0.0153±0.0127 0.2355 0.3449 
NSF stands for Nutrients Sucrose Fed-batch.  
 23 
Table 1.6 The model of turmeric fresh biomass (g/vessel) over 22-weeks in treatment 
conditions. The forward stepwise method selected the final model that had R2 = 0.949, R2a 
= 0.927, R2p = 0.825, and F statistic = 43.204 at P<0.0001.   
Model terms Model coefficients P-value  Mean square 
NSF 23.2889±1.9842 <0.0001 25443.597 
KNO3 mM 2.4019±0.2137 <0.0001 23314.684 
NSF × KNO3 mM 1.1519±0.1162 <0.0001 18131.503 
PO43- mM 7.5218±0.8319 <0.0001 15098.882 
Buds/Vessel 2.6858±0.3555 <0.0001 10542.856 
PO43- mM × KNO3 mM 0.2564±0.0476 <0.0001 5346.780 
Buds/Vessel × KNO3 mM 0.0741±0.0215 0.0015 2178.297 
Ca2+ mM × KNO3 mM -0.1115±0.0484 0.0273 979.530 
NSF × Ca2+ mM -1.6469±0.7250 0.0294 953.124 
Buds/Vessel × PO43- mM 0.3309±0.1638 0.0511 753.602 
(Mg2+ mM)2 -4.6920±2.4885 0.0677 656.589 
Ca2+ mM -1.3133±0.7457 0.0870 572.848 
(KNO3 mM)2 -0.0238±0.0149 0.1205 467.905 
NSF × PO43- mM -1.1759±0.8509 0.1757 352.754 
Mg2+ mM -2.0834±1.8582 0.2698 232.754 
NSF stands for Nutrients Sucrose Fed-batch.  
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Table 1.7 The model of turmeric rhizome dry biomass (g/vessel) over 22-weeks in 
treatment conditions. The forward stepwise method selected the final model that had R2 = 
0.758, R2a = 0.664, R2p = 0.456, and F statistic = 8.073 at P<0.0001.  
Model terms Model coefficients P-value  Mean square 
PO43- mM 0.9855±0.1871 <0.0001 257.4770 
NSF -2.1224±0.4461 <0.0001 210.1574 
Buds/Vessel 0.2296±0.0817 0.0080 73.2802 
Ca2+ mM × Mg2+ mM 0.3049±0.1254 0.0201 54.9128 
Mg2+ mM 0.9439±0.4098 0.0272 49.2646 
Buds/Vessel × Ca2+ mM -0.0700±0.0304 0.0273 49.1909 
(KNO3 mM)2 -0.0076±0.0033 0.0293 47.8207 
NSF × PO43- mM -0.4098±0.1853 0.0334 45.4159 
(Mg2+ mM)2 1.0944±0.5614 0.0591 35.2889 
PO43- mM × Mg2+ mM 0.2358±0.1384 0.0970 26.9640 
Buds/Vessel × PO43- mM 0.0460±0.0356 0.2043 15.5231 
(Buds/Vessel)2 -0.0394±0.0321 0.2270 14.0334 
Ca2+ mM 0.1435±0.1675 0.3972 6.8173 
KNO3 mM 0.0388±0.0479 0.4227 6.1089 
NSF stands for Nutrients Sucrose Fed-batch.  
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Table 1.8 Maximum growth responses for multiplication, fresh biomass and rhizome dry 
mass were observed in different fed-batch techniques, mineral concentrations and plant 
densities.  














4× NSF 18 6.25 9 - 60 
Plant fresh 
biomass 
345 g NSF 18 6.25 3 3 60 
Rhizome dry 
biomass 
19.5 g SF 14 6.25 9 4.5 36 
Minerals concentration in milimolar. 




Figure 1.1. The response surface plot (with residual data points) shows the effect of PO43-
× KNO3 on the amount of water (mL/vessel) required to restore medium volume set point 
of 200 mL per vessel. Other factors were fixed in the sucrose fed-batch technique, with 3 






Figure 1.2 The response surface plot (with residual data points) shows the effect of PO43- 
× KNO3 on the amount of sucrose (g/vessel) required to restore sucrose set point 5% m/v. 
Other factors were fixed in the nutrient sucrose fed-batch technique, 3 mM Ca2+, 3.56 





Figure 1.3. The response surface plot (with residual data points) shows multiplication 
ratio of Curcuma longa L. as effected by the initial plant density (buds/vessel) and PO43- 
concentration. Other factors were fixed in the nutrient sucrose fed-batch technique, with 3 




Figure 1.4 The response surface plots (with residual data points) shows multiplication 
ratio of Curcuma longa L. as effected by the interaction of initial plant density 
(buds/vessel) × Ca2+ concnentraion when other factors were fixed in the nutrient sucrose 




Figure 1.5 The response surface plot (plus residual data points) shows Curcuma longa L. 
fresh biomass (g/vessel) was affected by PO43- × KNO3 interaction. Other factors in the 






Figure 1.6 The response surface plot (with residual data points) shows rhizome dry 
biomass of Curcuma longa L. was affected by plant density (buds/vessel) and PO43- 
concentration. Other factors are fixed in the sucrose fed-batch technique, with 9 mM 




NUTRITION IN FED-BATCH BIOREACTORS AFFECTS SUBSEQUENT SIZE AND 
PRODUCTIVITY OF TURMERIC DURING SIX MONTHS IN GREENHOUSE 
 
Abstract 
In vitro turmeric plants were propagated in liquid MS medium modified with 35 
different combinations of nutrient elements PO43- (1.25-6.25 mM), Ca2+ (3-9 mM), Mg2+ 
(1.5-4.5 mM), and KNO3 (20-60 mM) with plant density as a factor (6-18 buds per 
vessel) selected by D-optimal response surface design. Fed-batch culture techniques 
supplemented sucrose (SF) and mineral nutrients + sucrose (NSF) during 5-months in 
intermittent-immersion rocker bioreactors. Plants were transferred to greenhouse for 6-
months, wherein NSF subset was continuously fertilized and SF subset was not. Plants 
from NSF produced more crown divisions, gained fresh biomass more rapidly, and had 
more rhizomes dry biomass in greenhouse. In vitro stock plants that produced the most 
nursery plants (8.7±1.0 new plants/stock in 6-months in the greenhouse) required the 
highest KNO3 (60 mM) with the lowest meso-nutrients concentrations. Maximizing the 
greenhouse biomass increase (20±2.3 fold/stock plant in 6-months) required 2.4 mM 
PO43- and 5.4 mM Ca2+ in vitro with the highest plant density. Rhizome production 
(22±3.3 g/stock plant) was greatest from in vitro plants with 6 mM Ca2+, and the lowest 
PO43- and Mg2+ concentrations. Secondary rhizomes were observed in all NSF plants. 
The effect of in vitro mineral nutrition was readily apparent after a season of greenhouse 
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growth and selecting an optimal in vitro medium was irrespective of the fertility supplied 
during greenhouse culture. 
 
Introduction 
The production of disease-free plants in long-term micropropagation is a costly 
method, but good growth upon successful transfer to a greenhouse and the high quality of 
plants produced compensates for the expense (Ziv 1995). However, tissue culture media 
were developed for in vitro growth and have not considered subsequent greenhouse 
growth as an important response. Also, the mineral content on in vitro media was found 
to be more important than starter fertilizer in the greenhouse soilless mix during 
acclimatization of turmeric to the greenhouse (Adelberg et al. 2013). This current work 
shows how turmeric stock plants grown for 6-months (one season) in a greenhouse was 
affected by 5 mineral factors in a fed-batch bioreactor system (El-Hawaz et al. 2015). In 
this work we (1) investigated the subsequent effects of minerals in laboratory media 
(PO43-, Ca2+, Mg2+, KNO3,) at varied plant density on greenhouse growth and (2) 
determined the optimal lab media formulation under the high-input and low-input 
fertilizer. Three responses were chosen as most important: the production of new plants 
from a stock plant, the increase of stock plant biomass, and the rhizome dry biomass. 
 
Materials and Methods 
Stock Plants 
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Curcuma longa L. genotype L35-1 was provided by University of Arizona 
Southwest Center for Natural Products Research and Commercialization (UA Herbarium 
#375,742, ARIZ). Adelberg and Cousins (2006) were described the initiation of plants 
during stage I and II. Turmeric plants were established and derived from buds 
micropropagation in bioreactors (2.5 L Liquid Lab Vessels, Southern Sun Inc., Hodges, 
SC, USA) as shown in Figure 2.1. Each vessel contained 200 mL liquid MS medium 
(Murashige and Skoog 1962) modified with 5% m/v sucrose, 3 µM benzyladenine (BA), 
and 5 mM NH4SO4 (Adelberg et al. 2013). Elemental factors included, PO43- (1.25, 3.75, 
6.25 mM), Ca2+ (3, 6, 9 mM), Mg2+ (1.5, 3, 4.5 mM), KNO3 (20, 40, 60 mM), and plant 
density (6, 12, 18 buds/vessel) made 35 combinations included 3 true replicates were 
selected based on D-optimal criteria. During 5-months of micropropagation two fed-
batch techniques were applied, sucrose (SF) and mineral nutrition + sucrose (NSF) fed-
batch (El-Hawaz et al. 2015).  
 
Greenhouse and Nursery Stage 
Three stock plants transferred from each bioreactor were rinsed in tap water to 
remove the sucrose solution, acclimatized under mist in Fafard 2B (Canadian sphagnum 
peat moss, 3/8" processed pine bark, perlite, vermiculite, wetting agent, and dolomitic 
limestone; Sun Gro Horticulture, Agawam, MA, USA) without starter fertilizer for SF 
subset, and with starter fertilizer for NSF subset. Plants stayed in the nursery mist room 
(latitude = 34.67350, longitude = -82.83261; 60% shade cloth; mist cycle was 6 s on 
every 16 min during daylight hours) for three weeks in summer. 
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Plants were individually potted in large (8 L) pots, where SF subset was placed in 
soilless mixture without any fertilizer considered the low-input treatment. NSF subset 
was placed in Fafard 2B with a complete charge of starter nutrients and considered as the 
high-input treatment. Pots were irrigated manually once each five days without fertilizer 
in the low-input treatment, and with 100 ppm N of (15-15-15 4Ca 2Mg, Jack’s 
professional LX. J.R. Peters, Inc.) in the high-input treatment (Figure 2.2). The low-input 
plants were fertilized one time after 3 months then all the fertilization was discontinued 
for both sets of treatments. Irrigation was discontinued one month before harvesting the 
plants (after a total of six months of greenhouse growth). The number of new plants, 
fresh and dry biomass of whole plants, roots, leaves, and rhizomes were measured; and 
then tissues were dried in 70ºC for 3 days. Greenhouse responses included: 
Number of new plants = harvested plants/number of stock plants  
Relative mass gained = the harvested plants mass/mass of stock plants. 
 
Experimental Design and Statistical Analysis 
The response surface methods and D-optimal criteria were described in El-Hawaz 
et al. (2015). In this work, three samples (stock plants) from each treatment were 
randomly selected and each observed point was the mean of three plants per treatment. 
The polynomial models were selected by stepwise forward method, and were evaluated 
by the values of F statistic, R2, the adjusted R2 (R2a), and the predictive R2 (R2P). The 
analysis was done using JMP version 11 (SAS Inst., Cary, NC). 
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Results and Discussion 
The Number of New Plants 
The production of new plants during six months in the greenhouse was greatly 
affected by the fertilizer technique and the in vitro culture factors, PO43-, KNO3, plant 
density, Mg2+, the interaction of Ca2+ and KNO3, and Ca2+ (Table 2.1). The high-input 
fertilizer treatments had more new plants than the low-input and new plant production 
was greatest from plants reared in the high-density culture (18 buds/vessel), the highest 
concentration of KNO3 (60 mM), and the lowest concentration of PO43-, Ca2+, and Mg2+. 
At 20 mM KNO3, Ca2+ concentrations had no effect, while at 60 mM KNO3 the 
productivity was higher with 3 mM Ca2+ than 9 mM Ca2+ (Figure 2.3). The production of 
new plants in the greenhouse was optimized under the high-input fertilizer to 8.7±1.0 
new plants/stock plant with in vitro culture of 18 buds/vessel, 1.25 mM PO43-, 3 mM 
Ca2+, 1.5 mM Mg2+, and 60 mM KNO3. At the same culture condition, the low-input 
fertilizer produced 6.3±1.0 new plants/stock plants after 6-months growth in the 
greenhouse. The same ratio of minerals in vitro maximized greenhouse divisions, even 
under limited fertility.  
 
Relative Fresh Biomass Gain (RFBG) 
Relative fresh biomass gain was greatly affected by fertilizer techniques, plant 
density, and their interaction, and PO43- concentration (Table 2.2). The greatest RFBG 
came from the high fertilizer input with the highest laboratory plant density (18 
buds/vessel). Maximizing RFBG to 20±2.3 fold/stock plant required initial PO43- at 2.48 
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mM, 5.4 mM Ca2+, 1.5 mM Mg2+, and 20 mM KNO3 (Figure 2.4a). The medium MS 
(1962) normally has 1.25 mM PO43- and 1.5 mM Ca2+. With turmeric grown in small 
vessel-batch culture (35d in 180 mL jars, typical to micropropagation) acclimatization 
and fresh biomass increased with decreased macroelements in the culture medium 
(Halloran and Adelberg 2011; Adelberg et al. 2013). In the low-input fertilizer 
treatments, RFBG was maximized to 8±2.3 fold/stock plant with 12 buds/vessel, 3 mM 
PO43-, 5.4 mM Ca2+, 1.5 mM Mg2+, and 60 mM KNO3 (Figure 2.4b). Fewer buds and 
more nutrients were needed in the lab when fertility was not provided in the greenhouse.   
 
Rhizomes Dry Biomass 
Like other responses, the fertilizer input was the major effective factor, followed 
by plant density and their interaction, the quadratic terms of Ca2+, the interaction of PO43- 
with Mg2+, and the main term of PO43- (Table 2.3). The highest rhizome dry biomass was 
22±3.3 g/stock plant with the high fertilizer input, 18 buds/vessel, 1.25 mM PO43-, 6 mM 
Ca2+, and 1.5 mM Mg2+ (Figure 2.5). At the low-input treatment the rhizome relative dry 
biomass maximized to 7±3.3 g/stock plant with the similar in vitro conditions. In the 
bioreactor culture, KNO3 had no effect on the rhizome dry biomass (El-Hawaz et al. 
2015), and in other bioreactor propagation on the same clone KNO3 inhibited production 
of phenolic compounds in the rhizome (Adelberg and Cousins 2007). The secondary 
rhizomes were observed in all plants of the high-input treatments.  
Increased greenhouse growth for transferred plants required fertilizer supplement 
and the high plant density. Less PO43- was required in the optimal formula for greenhouse 
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growth, compared to in vitro growth. In the fed-batch bioreactor, more PO43- required a 
greater supplement of sucrose and produced the largest plants (El-Hawaz et al. 2015). 
The hydrolysis of sucrose might involve in PO43- assimilation as an energy source in the 
heterotrophic system, PO43- incorporates into the metabolism by being linked to organic 
molecules with high energy bound (Taiz and Zeiger 2006). Yet, these large plants had 
fewer new leaves after 7-weeks in the greenhouse (data not presented). The greenhouse 
environment requires photosynthetic carbon fixation to synthesize sucrose, and sucrose 
availability may be lowering the performance of photosynthesis system in the open 
environment (Lees et al. 1991; Van Huylenbroeck and Pierre 1996; Arigita et al. 2002; Jo 
et al. 2009). The uptake of PO43- increased with increasing the concentration of PO43- in 
the in vitro medium (Data not shown). The accumulation of inorganic PO43- in plant 
tissues before they were removed to the greenhouse still may not enter to the metabolism. 
Thus, plant lacking the free sucrose in the medium, might not have enough metabolic 
energy from the photosynthesis to continue fixing PO43- into ATP.  
We have clearly observed how laboratory medium can improve the quality of 
nursery growth. Mineral nutrition in Curcuma longa medium is an example of how 
micropropagation labs can bring more value for their customers in the field. 
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Table 2.1 The new plants number over 6-months growth in the greenhouse was modeled 
with the fertilizer process (the high-input and the low-input), plant density, PO43-, Ca2+, 
Mg2+, and KNO3. The forward stepwise method selected the final model that had F 
statistic = 6.776 at P<0.0001, R2 = 0.656, R2a = 0.559, and R2P = 0.428. 
Model terms Model 
coefficients 
P-value  Mean 
square 
High-input fertilizer 2.687±0.451 <0.0001 346.413 
PO43- mM -0.743±0.203 0.0007 130.797 
KNO3 mM 0.097±0.027 0.0010 123.820 
Buds/Vessel 0.239±0.084 0.0072 78.657 
Mg2+ mM -0.962±0.385 0.0168 60.974 
Ca2+ × KNO3 mM -0.029±0.013 0.0249 53.204 
Ca2+ mM -0.396±0.184 0.0377 45.208 
High-input fertilizer × Buds/Vessel 0.155±0.082 0.0680 34.419 
Buds/vessel × PO43- mM -0.073±0.041 0.081 31.332 
Mg2+ × KNO3 mM -0.031±0.023 0.193 17.162 
PO43- × KNO3 mM 0.005±0.011 0.671 1.791 
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Table 2.2 The relative fresh biomass gain (RFBG) over 6-months growth in the 
greenhouse was modeled by the fertilizer process (the high-input and the low-input), 
plant density, PO43-, Ca2+, Mg2+, and KNO3. The forward stepwise method selected the 
final model that had F statistic = 25.588 at P<0.0001, R2 = 0.889, R2a = 0.855, and R2P = 
0.785. 
Model terms Model 
coefficients 
P-value  Mean 
square 
High-input fertilizer 4.412±0.328 <0.0001 942.977 
High-input fertilizer × Buds/Vessel 0.442±0.060 <0.0001 280.078 
Buds/Vessel 0.444±0.065 <0.0001 245.652 
PO43- mM -0.586±0.192 0.0041 48.612 
Ca2+ mM -0.243±0.132 0.0728 17.766 
High-input fertilizer × KNO3 mM -0.035±0.019 0.0751 17.473 
Buds/Vessel × PO43- mM -0.046±0.026 0.0817 16.689 
(PO43- mM)2 -0.264±0.183 0.1574 10.855 
(Buds/Vessel)2 -0.035±0.025 0.1589 10.777 
KNO3 mM 0.028±0.019 0.1591 10.766 
(Ca2+ mM)2 -0.139±0.104 0.1876 9.396 
Mg2+ mM -0.335±0.251 0.1900 9.294 
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Table 2.3 The Rhizome dry biomass (g/stock plant) after 6-months in the greenhouse was 
modeled by the fertilizer process (the high-input and the low-input), plant density, PO43-, 
Ca2+, Mg2+, and KNO3. The forward stepwise method selected the final model that has F 
statistic = 14.248 at P<0.0001, R2 = 0.758, R2a = 0.705, and R2P = 0.599. 
Model terms Model coefficients P-value  Mean 
square 
High-input fertilizer 4.502±0.478 <.0001 1002.175 
Buds/Vessel 0.348±0.094 0.0006 156.224 
High-input fertilizer × Buds/Vessel 0.312±0.089 0.0012 137.942 
(Ca2+ mM)2 -0.343±0.150 0.028 58.691 
PO43- × Mg2+ mM 0.334±0.157 0.039 51.129 
PO43- mM -0.427±0.208 0.046 47.761 
High-input fertilizer × PO43- mM 0.326±0.206 0.121 28.327 
Mg2+ mM -0.362±0.358 0.318 11.563 




Figure 2.1 Turmeric plants were cultured in a rocker bioreactor system for 5-months 





Figure 2.2 Turmeric plants in the greenhouse during 6-months growth; the back bed had 




Figure 2.3 The surface plot illustrates the subsequent effect of in vitro Ca2+ × KNO3 mM 
interaction on the number of new plants/stock plant after 6-months in the greenhouse. 
Surface plots of the model, contour surface, and surface plus residual points are shown 





Figure 2.4 The response surfaces illustrate the subsequent effect of in vitro plant density 
(buds/vessel) and PO43- mM on turmeric relative fresh biomass gain (biomass 
out/biomass in) over 6-months in the greenhouse with 5.43 mM Ca2+ and 1.5 mM Mg2+, 
(a) with 20 mM KNO3 and the high-input and (b) with 20 mM KNO3 and the low-input 
fertilizer treatments showing contour surface, modeled surface plots, and surface plus 





Figure 2.5 The surface plot illustrates the subsequent effect of in vitro plant density 
(buds/vessel) and Ca2+ mM on rhizome dry biomass (g/stock plant) after 6-months in the 
greenhouse. Contour surface and model plus residuals points are shown for treatments at 






MINERAL NUTRITION OF Curcuma longa L. IN BIOREACTORS AFFECTS 
SUBSEQUENT DEVELOPMENT OF CURCUMINOIDS FOLLOWING TRANSFER 
TO THE GREENHOUSE 
 
Abstract 
In vitro mineral concentrations (PO43-, Ca2+, Mg2+, and KNO3) and plant density 
significantly influenced the subsequent growth of turmeric plants in the greenhouse 
during a six months growing season. This current work examined the concentrations of 
the curcuminoids in Curcuma longa L. from an experimental array (response surface 
method using D-optimal selection of treatments) of greenhouse plants repeated in both 
high and low-input fertilizer treatments. Curcuminoids concentrations in dry rhizomes 
were analyzed by HPLC-ESI-MS/MS. In the high fertilizer treatments, the in vitro 
interaction of PO43- with Ca2+ and Mg2+ concentrations maximized curcumin and 
demethoxycurcumin concentrations in the rhizomes. The highest concentrations of 
curcumin and demethoxycurcumin were 154.7±4.1 µg/g and 1258.9±58.8 µg/g with 1.25 
mM PO43-, 3 mM Ca2+, 1.5 mM Mg2+, and 60 mM KNO3 and with 18 or 11 buds/vessel 
respectively. Reducing KNO3 concentration to 20 mM at 1.5 mM Mg2+ and 9 mM Ca2+ 
maximized bisdemethoxycurcumin concentration to 25.0±2.6 µg/g with 9 buds/vessel. 
The best induction media under the low-input fertilizer treatments had similar optimal set 
points for all three curcuminoids; curcumin, demethoxycurcumin, and 
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bisdemethoxycurcumin concentrations were maximized to 201±26.8 µg/g, 813±138 µg/g, 
and 23.5±4.6 µg/g respectively with 6 buds/vessel, 6.25 mM PO43-, 3 mM Ca2+, 1.5 mM 
Mg2+, and 60 mM KNO3. High plant density with moderate mineral concentrations in 
vitro increased curcumin/bisdemethoxycurcumin ratio to 17.5±1.7 under low-input 
fertilizer. In the high fertilizer treatments, maximum concentrations of each curcuminoid 
had distinct mineral requirements, but in the nutrient limited treatments, all curcuminoids 
had similar optima for mineral concentrations and plant density requirements. With low- 
fertilizer input, the low in vitro plant density was the primary factor to maximize the 
concentration of curcuminoids in the rhizomes. The multi-factor design sufficiently 
identified the interactive effects among varied minerals on curcuminoids concentrations. 
This approach allows a propagation laboratory to develop propagation stock best suited to 
secondary metabolite production in the end-user facility. 
Keywords: response surface methods, fed-batch, curcumin, HPLC-ESI-MS/MS 
 
Introduction 
Turmeric (Curcuma longa L.) is a rhizomatous perennial plant in the 
Zingiberaceae family and widely used in the cuisines and folk medicines of South and 
South East Asia (Sarker and Nahar 2007) and Middle East (Afifi and Abu-Irmaileh 2000; 
Latif et al. 2014; Tayyem et al. 2006). Turmeric is a sterile triploid herb and rarely 
produces seeds (Ravindran et al. 2007). Micropropagation has been regarded as an 
alternative method to improve the crop quality because of the difficulties of conventional 
breeding (Nirmal Babu et al. 2007). The plant has varied metabolic pathways that 
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produce a large number of phytochemical compounds (Xie et al. 2009). The variety of 
active ingredients has made turmeric an important medicinal herb, where the crude 
extract has many therapeutic properties as anti-bacterial, anti-HIV, antioxidant, anti-
inflammatory, anti-Alzheimer; and the extract was used to treat some diseases like ulcers, 
osteoarthritis, atherosclerosis and cardiac disease, cancers and tumors, hepatitis, wound 
healing, ophthalmic disorder, and diabetes (Sarker and Nahar 2007). Curcuminoids, the 
characteristic orange-yellow compounds including curcumin, demethoxycurcumin, and 
bisdemethoxycurcumin give turmeric powder its value in the marketplace (Li et al. 2011; 
Nahar and Sarker 2007).  
Curcuminoids are synthesized in turmeric from cinnamic acid precursors obtained 
through phenylpropanoid biosynthetic pathway. There are three different precursors that 
feed into curcuminoids biosynthesis- cinnamic acid, coumaric acid and ferulic acid. 
Curcuminoid skeleton could be formed by the direct incorporation of two cinnamic acid 
molecules, though this has yet to be elucidated in turmeric (Katsuyama et al. 2009a; Kita 
et al. 2008). Coumaric acid, via p-coumaroyl-CoA, can form bisdemethoxycurcumin 
through the incorporation of one molecules of coumaroyl-CoA, or the incorporation of 
one molecule of feruloyl-CoA yields demethoxycurcumin. Similarly, ferulic acid, via 
feruloyl-CoA can form demethoxycurcumin through the incorporation of one molecules 
of coumaroyl-CoA, or the incorporation of one molecule of feruloyl-CoA yields 
curcumin (Katsuyama et al. 2009a; Kita et al. 2008). A metabolic analysis of turmeric 
found two types of III polyketide synthases (PKSs) worked in curcuminoids biosynthesis 
in Curcuma longa. Curcumin synthase 2 (CURS2) starts with feruloyl-CoA and catalyzed 
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feruloyl-diketide-CoA to curcumin and catalyzed p-coumaroyl-diketide-CoA to 
demethoxycurcumin. Whereas curcumin synthase 3 (CURS3) starts with two precursors, 
feruloyl-CoA and p-coumaroyl-CoA, and synthesizes the three curcuminoids from 
feruloyl-diketide-CoA and p-coumaroyl-diketide-CoA (Katsuyama et al., 2009a, 2009b). 
The pathways for curcuminoids showed that demethoxycurcumin and 
bisdemethoxycurcumin work as an intermediate for curcumin (Ramirez-Ahumada et al., 
2006). 
The production of secondary metabolites from the whole plant, tissues, or cells by 
plant biotechnology has advanced over recent years. A bioreactor was adapted in industry 
for secondary metabolites and large scale, disease free production of planting stock (Paek 
et al. 2005; Tripathi and Tripathi 2003) and shoot culture has been propagated in a 
bioreactor for phytochemical production (Bourgaud et al. 2001). A rhizome is a shoot 
modified for storage, and often a site of synthesis or accumulation of secondary 
metabolites. In vitro and field grown plants had a similar secondary metabolism when 
grown in the greenhouse (Ma and Gang 2006). Also 6-months after transfer to the field, 
in vitro turmeric was similar in morphological, chemical, and molecular characteristics to 
conventionally propagated plants (Singh et al. 2010).  
This paper follows prior works on the effect of mineral concentrations and plant 
density on turmeric plants micropropagated in the bioreactors for 5-months with two fed 
batch techniques (El-Hawaz et al. 2015) and subsequent growth when transferred to a 
greenhouse and for an additional 6-months (El-Hawaz et al. in press). The significant 
effect of mineral elements and process related factors in both the in vitro and ex vitro 
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growth leads us to examine the subsequent effect of the in vitro treatments on secondary 
metabolism. The curcuminoids yield after one season (six months) of greenhouse growth 
was selected for responses. Furthermore, the experiment was designed to develop optimal 
media for inducing curcuminoids in both the low and high-input fertilizer treatments by 
using paired response surface models. 
 
Materials and Methods 
Plants Materials 
The rhizome of Curcuma longa L35-1 (University of Arizona Southwest Center 
for Natural Products Research and Commercialization; UA Herbarium #375,742, ARIZ) 
was used for the chemical analysis. 
 
Media Preparation 
Plants were propagated in prior work (El-Hawaz et al. 2015) on 200 mL of liquid 
MS medium (Murashige and Skoog, 1962) modified with 5 mM (NH4)2SO4, 5% m/v 
sucrose, 3 µM benzyladenine (Adelberg et al. 2013). Different combinations of PO43- 
(1.25, 3.75, 6.25 mM), Ca2+ (3, 6, 9 mM), Mg2+ (1.5, 3, 4.5 mM), KNO3 (20, 40, 60 
mM), and plant density (6, 12, 18 buds/2.5 liter vessel) were designated and the number 
of treatments combinations was reduced to 32 points with three true replicate points 
based on response surface method (RSM) and D-optimal criteria selection, see table 1.1. 
The design points were duplicated on two different fed-batch techniques, sucrose fed-
batch and nutrient minerals-sucrose fed-batch over 5-months in 2.5 L bioreactors (Liquid 
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Lab Vessel, Southern Sun Inc., Hodges, SC, USA) as described in El-Hawaz et al. 
(2015). Three stock plants from each bioreactor were transferred individually to 8 L pots 
in Clemson University greenhouse (latitude = 34.67350, longitude = -82.83261; 60% 
shade cloth; mist cycle was 6 sec on every 16 min during daylight hours) and grown for 
6-months. The sucrose fed-batch set had been fertilized once during the greenhouse 
growth period and designated low-input fertilizer treatment while the nutrient sucrose 
fed-batch set had been fertilized weekly for 3-months and designated high-input fertilizer 
treatment (El-Hawaz et al. in press). The harvested rhizomes were cleaned and stored at –
20°C for 27-months. 
 
Sample Preparation 
Rhizomes were dried at 80°C for 6 hours. Samples were ground by a mortar and 
200 mg was extracted with 10 mL 100% methanol (MeOH) by sonication (50% 
amplitude with 50 sec on, 10 sec off cycle for 3 minutes; ~1550 J) using Sonic 
Dismembrator (FB505, Fisher Scientific, Pittsburgh, PA, USA). The tubes were 
centrifuged at 1800 × g for 8 min (Thermo Scientific Sorvall T3 Centrifuge, Thermo 
Fisher Scientific Inc., Waltham, MA, USA), and then stored at -20±1°C (Isotemp, Fisher 
Scientific Inc., Waltham, MA, USA). Sample extracts were diluted and analyzed using a 




Stock solutions of curcumin (08511) demethoxycurcumin (90593) and 
bisdemethoxycurcumin (90594) (Sigma-Aldrich, INC., Saint Louis, MO, USA) were 
prepared at a concentration of 1000 mg/L in 100% MeOH. The standard stocks were 
further diluted with 40% MeOH to obtain working standard concentration ranging from 5 
µg/mL to 500 µg/mL, and a spike sample of 40 µg/mL was used as quality control after 
every 10 samples.  
 
HPLC-ESI-MS/MS Analysis 
Standard and samples solutions were analyzed with a Shimadzu quaternary pump 
UFLC (Ultra Fast Liquid Chromatography) equipped with an autosampler (SIL-20A), 
and an inline degasser. Separation of curcuminoids was performed on Kinetix XB-C18 
column (100 × 4.6 mm; 2.6 µm; Phenomenex, Torrance, CA, USA) at 40°C. The mobile 
phase consisted of 0.1% formic acid (A) and 100% acetonitrile (B), and sample injection 
volume was 0.2 µL. Separation of compounds were achieved by increasing the solvent-B 
concentration from the initial 30% to a final 84% at a rate of increase of 10% per minute, 
and the solvent flow rate was kept constant at 0.5 mL/min. The column was returned to 
the initial conditions by equilibrating with 30% solvent-B for 5 minutes at the end of each 
analysis.  
The separated compounds were introduced to a triplequadrupole mass 
spectrometer (LCMS-8030, Shimadzu Corporation, Kyoto, Japan) using an electrospray 
ionization (ESI) interface. Nitrogen heated to 250oC was used as the nebulizing gas (180 
L hr-1) and curtain gas (1200 L min-1). The capillary voltage was set at 3.5 KV and the 
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fragmentor voltage was set at 120 V. Direct infusion experiments of curcumin showed a 
greater ionization of the compound in negative ionization mode than in positive 
ionization mode. Prior to the sample analysis, multiple reaction monitoring was 
optimized for each compound with authentic standards in negative ionization mode 
(Table 3.1). Argon was used to initiate collision-induced dissociation of the precursor 
molecule and the collision voltage was adjusted to obtain maximum detector response 
from the product ions.  
  
Measurements 
 The concentrations of curcumin, demethoxycurcumin, and 
bisdemethoxycurcumin in turmeric dry rhizome were calculated. The ratio of curcumin 
concentration to bisdemethoxycurcumin concentration was presented to identify the 
optimal in vitro formula that induced curcumin synthesis in turmeric rhizome based on 
the metabolism pathway that was described in (Katsuyama et al. 2009a; Kite et al. 2008). 
 
Statistical Analysis and Experimental Design 
Rhizomes from each bioreactor vessel grown for 6-months in the greenhouse 
were experimental units. For both high and low-input fertilizer treatments, the final 
polynomial models were selected by stepwise forward method. The polynomial models 
were shown in tables with statistical summary R2, adjusted R2 (R2a), predicted R2 (R2p), 
and F statistic at P-value. The three least significant terms were eliminated if it improved 
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the predictive ability of the models (R2p). The data was analyzed using JMP version 11 
(SAS Inst., Cary, NC, USA). 
 
Results and Discussion 
The in vitro treatments, mineral, plant density, and fed-batch technique that were 
applied during 5-months of micropropagation (El-Hawaz et al. 2015) have subsequent 
effects during 6-months of the greenhouse growth. These effects include both plant 
growth (El-Hawaz et al. in press) and the concentration of curcuminoids in the rhizome. 
The significant models and stability of responses during this long-term experiment were 
achieved with the high degree of environment control afforded by the greenhouse, 
soilless mix and container culture system. It is unlikely we would have achieved this 
level of error control in a field production system. 
 
The High-Input Fertilizer Treatments 
Curcumin Concentration 
Curcumin is the principle curcuminoid in turmeric rhizome (Aggarwal et al. 2007; 
Tayyem et al. 2006). The interaction of PO43- with the divalent cations Mg2+ and Ca2+ had 
the major subsequent effect on curcumin concentration. Low PO43- (1.25 mM) increased 
curcumin concentration and significantly interacted with the divalent cations. In low 
PO43-, there was no difference in curcumin among Mg2+ concentrations (Figure 3.1a) but 
the lowest concentration of Ca2+ (3 mM), further increased curcumin accumulation. 
Curcumin concentration was the greatest at 154.7±4.1 µg/g of dry rhizome when the in 
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vitro factors were set as 18 buds/vessel, 1.25 mM PO43-, 3 mM Ca2+, 1.5 mM Mg2+, and 
60 mM KNO3 (Table 3.2). However, increasing PO43- to 6.25 mM had an interactive 
impact with the divalent cations, where increasing Mg2+ to 4.5 mM enhanced curcumin 
concentration and the concentrations of Ca2+ had no influence.  
 
Demethoxycurcumin Concentration 
Phosphorus interacted significantly with Ca2+ concentration similarly to the 
curcumin model (Figure 3.1b). Low Mg2+ induced the accumulation of 
demethoxycurcumin when PO43- and Ca2+ were supplied in the lowest concentration. 
Under the high-input fertilizer treatment, the concentration of demethoxycurcumin in the 
rhizome was significantly influenced by several variables and was maximized to 
1258.9±58.8 µg/g of dry rhizome with set of 11 buds/vessel, 1.25 mM PO43-, 3 mM Ca2+, 
1.5 mM Mg2+, and 60 mM KNO3 (Table 3.3).  
 
Bisdemethoxycurcumin Concentration 
Compared with curcumin and demethoxycurcumin, a moderate plant density (9 
buds/vessel) maximized bisdemethoxycurcumin concentration. The lowest KNO3 (20 
mM) combined with 1.5 mM Mg2+ increased the concentration, although 60 mM KNO3 
increased bisdemethoxycurcumin concentration at any Mg2+ concentration (Figure 3.1c). 
The interaction of Mg2+ with KNO3 and Ca2+, and plant density greatly affected the 
concentration of bisdemethoxycurcumin and maximized it to 25.0±2.6 µg/g of dry 
rhizome with 9 buds/vessel, 9 mM Ca2+, 1.5 mM Mg2+, and 20 mM KNO3 (Table 3.4). A 
 57 
different set of minerals induced bisdemethoxycurcumin, as compared to the other 
curcuminoids, since KNO3 required at the lowest concentration (20 mM) and Ca2+ at the 
highest concentration (9 mM). These combinations inhibited the concentration of 
curcumin to 101±4.1 µg/g of dry rhizome and the concentration of demethoxycurcumin 
to 572±58.8 µg/g of dry rhizome. 
Under the high-input fertilizer treatment, curcuminoids concentrations were 
maximized with low in vitro PO43- (1.25 mM) and that is similar to the optimal formula 
of the greenhouse responses that included the number of new leaves, shoot length, 
number of stolonized roots (data not shown), number of new plants, and whole plant 
biomass (El-Hawaz et al. in press). Shoot and young leaves could be involved in the 
biosynthesis of curcuminoids in turmeric (Ramirez-Ahumada et al. 2006). Previously, we 
reported during in vitro fed-batch culture, the concentration of PO43- and KNO3 interacted 
to up regulate the amount of sucrose supplement (El-Hawaz et al. 2015). Sucrose 
availability may be lowering the performance of photosynthesis system in the open 
environment (Arigita et al. 2002; Jo et al. 2009; Lees et al. 1991; Van Huylenbroeck and 
Pierre 1996) and low PO43- was necessary for reduced sucrose supplement which may 
induce photoautotrophic metabolism in the greenhouse. The assimilation of PO43- into 
organic forms required for the metabolism is largely through the high-energy bonds in 
ATP (Taiz and Zeiger 2006). Plants in the greenhouse may lack the necessary energy to 
assimilate inorganic phosphate carried in the rhizome from the high phosphate laboratory 
medium. 
 58 
Regardless of mineral concentrations, lowered plant density raised 
demethoxycurcumin and bisdemethoxycurcumin concentrations, the highest 
concentrations of curcuminoids, with fewer buds than the curcumin model (11 and 9 
compared to 18 buds/vessel). This suggests the uptake of mineral per plant regulates the 
curcuminoids accumulation in the rhizome. Lower plant density in vitro raised the 
concentration of mineral, PO43- and NO3- in plant tissues (Leifert et al. 1991). Reduced 
plant density in the bioreactors used for this experiment increased the mineral 
concentrations in the rhizome prior to greenhouse culture (El-Hawaz et al. 2015). 
 
The Low-Input Fertilizer Treatments 
Curcumin Concentration 
Under the low-input fertilizer treatment, the least number of buds (6 buds/vessel) 
caused a great increase in the curcumin concentration when combined with low 
concentrations of Mg2+ (Figure 3.2a). The interaction of plant density × Mg2+ strongly 
affected curcumin concentration which was maximized to 201±26.8 µg/g of dry rhizome 
with 6 buds/vessel, 6.25 mM PO43-, 3 mM Ca2+, 1.5 mM Mg2+, and 60 mM KNO3 (Table 
3.5). Plants grown with sucrose-fed batch, where all the mineral was added in the 
beginning of the 5-months culture, required low plant density and high PO43- and KNO3 
to increase curcumin concentration in the greenhouse rhizome. By analyzing the internal 
nutrient content of turmeric rhizome used in this experiment (El-Hawaz et al. 2015) we 
observed that there is a preferred internal mineral balance for curcuminoids production, 
and in the mineral+ sucrose fed-batch with high plant density and sucrose fed-batch with 
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low plant density result in approximately the same internal mineral content. The ratio of 
mineral to plant biomass conducive to a productive rhizome may be supplied once 
(sucrose fed-batch), or in doses, mineral+ sucrose fed-batch. Mineral+ sucrose fed-batch 




Similar to the curcumin model, the lowest plant density elevated 
demethoxycurcumin at any concentration of Mg2+ and Ca2+ while the combination of 
high Mg2+ (4.5 mM) and plant density (18 buds/vessel) maintained a high level of the 
compound (Figure 3.2b). The plant density in the low-input fertilizer treatment had a 
significant role on demethoxycurcumin, interacting with both Mg2+ and Ca2+ 
concentrations. The greenhouse rhizome from treatment with 6 buds/vessel, 6.25 mM 
PO43-, 3 mM Ca2+, and 1.5 mM Mg2+ had 813±138 µg/g of dry rhizome 
demethoxycurcumin (Table 3.6).  
 
Bisdemethoxycurcumin Concentration 
The plant reared from the low plant density culture had more 
bisdemethoxycurcumin with decreasing Ca2+ concentration, but increasing plants in the 
vessel required raising Ca2+ to 9 mM (Figure 3.2c). Increasing PO43- concentration 
directly improved bisdemethoxycurcumin concentration. The plant density × Ca2+ 
interaction and PO43- main effect had significant influence on bisdemethoxycurcumin 
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concentration. Low plant density culture (6 buds/vessel) maximized 
bisdemethoxycurcumin concentration to 23.5±4.6 µg/g of dry rhizome from treatment 
with 6.25 mM PO43-, 3 mM Ca2+, 1.5 mM Mg2+, and 60 mM KNO3 (Table 3.7).  
In the low-input treatment, greater curcuminoids concentration resulted from the 
low plant density culture and it was shown that mineral depletion in a closed tissue 
culture system was increased with adding more plants in a vessel (El-Hawaz et al. 2015; 
Leifert et al. 1991). The requirement of high PO43- could relate to increasing the 
supplement of sucrose during in vitro stage (El-Hawaz et al. 2015), which increased 
rhizome dry biomass in vitro (Adelberg and Cousins 2006). In fed-batch culture, Acer 
pesudoplatanus suspension culture produced more phenolic compounds than nitrogen 
compounds when supplied by sucrose fed-batch (2% m/v in 90 mL of Henshaw et al. 
(1966) medium) in PO43- and NO3- depletion medium (Phillips and Henshaw 1977). Dry 
biomass accumulation in long-term culture increases the harvest index of rhizome dry 
biomass preferentially over the remainder of the plant body (Cousins and Adelberg 
2008). Sucrose fed-batch, with incipient nutrient depletion, might induce the 
curcuminoids concentration in turmeric.  
 
Curcumin/Bisdemethoxycurcumin Ratio 
The ratio of curcumin and bisdemethoxycurcumin indicates the accumulation of 
curcumin in the turmeric rhizome based on the biosynthetic production of curcuminoids 
that has two pathways, one ends with curcumin and demethoxycurcumin and the other 
ends with bisdemethoxycurcumin and demethoxycurcumin (Katsuyama et al. 2009a; Kita 
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et al. 2008). In the low-input fertilizer treatment, the ratio increased 17.5±1.7 in turmeric 
dry rhizome with high plant density (18 buds/vessel), 1.25 mM PO43-, 3 mM Ca2+, 3 mM 
Mg2+, and 60 mM KNO3 in vitro. High plant density and moderate Mg2+ concentration in 
vitro (Figure 3.3) might induce the conversion of p-coumaroyl-CoA (the precursor of 
bisdemethoxycurcumin synthesis) to feruloyl-CoA that started curcumin synthesis 
pathway that could be due to controlling rhizome metabolism where high Mg2+ induced 
rhizome dry biomass in vitro under the sucrose fed-batch treatment (El-Hawaz et al. 
2015). The in vitro factors that affected curcumin/bisdemethoxycurcumin ratio were the 
linear and quadratic terms of Mg2+, the interaction of plant density and Ca2+, the 
quadratic term of Ca2+, and the interaction of KNO3 with PO43- and Mg2+ (Table 3.8). The 
curcumin/bisdemethoxycurcumin ratio under the high-input fertilizer was affected by 
plant density and high PO43- (6.25 mM) and increased to 6±1 in turmeric dry rhizome.  
 
Conclusion 
The results show the mineral nutrient relations affected the curcuminoids 
concentration. The different mineral concentrations in bioreactor media during in vitro 
culture altered compositions accumulated in the rhizome prior to the greenhouse transfer 
and this was modified by plant density, suggesting the role for mineral balance in 
directing curcuminoids pathways is also density dependent. The multi-factor 
experimental design was an effective approach to elucidating these interactive effects. 
Under the high-input fertilizer treatment in the lab and the greenhouse, 
curcuminoids concentration required low PO43- in vitro that optimized the plant growth in 
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the greenhouse, which suggests the subsequent primary and secondary growth in the 
greenhouse, did not compete in available nutrient conditions. In the low-input fertilizer, 
the three curcuminoids had similar optimal formula where low plant density was required 
with the high PO43- concentration that was applied at initiation became diluted during the 
11 months of growth (in vitro and in the greenhouse). The rhizome sequestered nutrients 
from prior applications for later use.   
The multi-factor design allowed us to maximize many factors at once, because of 
by the use of a sparse design space. Design optimality for selection of treatment 
combinations reduced the number of samples to a manageable size, but rigorous error 
control is required in methods to reduce the need for replication. Micropropagation has 
the ability to both control error enhance turmeric plant quality. This is more important in 
an input limited production system, when the in vitro medium is specified in correct 
concentration and the rhizome can sequester the minerals from laboratory media for later 
use in the field. We could achieve a high market value of phytochemical production in 
turmeric rhizome by understanding the interaction of process factors like plant density 
with mineral nutrition in vitro and in the finishing facility.  
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Table 3.1 Set points used for quantification of turmeric rhizome curcuminiods grown for 









Curcumin 4.265 367.10 22 149.10 
39 133.95 
Demethoxycurcumin 4.188 337.10 30 119.10 





Table 3.2 Curcumin concentration (µg/g) in dry turmeric rhizome for the high-input 
fertilizer treatment. The forward stepwise method selected the final model that had R2 = 
0.995, R2a =0.974, and R2p = 0.692, and F statistic = 48.8873 at P<0.0009. 
Model terms Model coefficients P-value Mean square 
PO43- × Mg2+ mM 5.5439±0.6382 0.0010 1263.966 
PO43- × Ca2+ mM 1.4694±0.1929 0.0016 971.319 
PO43- mM -4.1450±0.6184 0.0026 752.484 
(Mg2+ mM)2 7.2459±1.4349 0.0072 427.152 
(Ca2+ mM)2 1.8399±0.3907 0.0092 371.319 
Ca2+ × KNO3 mM -0.1188±0.0269 0.0116 325.691 
Buds/Vessel -0.8372±0.2089 0.0160 269.146 
Ca2+ mM -1.8988±0.4911 0.0180 250.409 
PO43- × KNO3 mM -0.1907±0.0531 0.0229 216.411 
Mg2+ × KNO3 mM 0.3516±0.1006 0.0250 204.478 
Mg2+ mM 4.1671±1.6311 0.0630 109.325 
Buds/Vessel × Ca2+ mM -0.3139±0.1279 0.0702 100.801 
KNO3 mM 0.3520±0.1534 0.0834 88.1945 
(KNO3 mM)2 0.0178±0.0102 0.1569 50.700-5 
(PO43- mM) 2 -1.0871±0.6359 0.1625 448.560-5 
Ca2+ × Mg2+ mM -0.4703±0.3339 0.2317 33.2375 
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Table 3.3 Demethoxycurcumin concentration (µg/g) in dry turmeric rhizome for the 
high-input fertilizer treatment. The forward stepwise method selected the final model 
that had R2 = 0.948, R2a = 0.883, and R2p = 0.710, and F statistic = 14.800 at P<0.0002. 
Model terms Model coefficients P-value Mean Squares 
PO43- × Ca2+ mM 14.760788±2.6399 0.0003 108220.21 
Buds/Vessel -11.78483±2.8054 0.0023 61085.09 
(Buds/Vessel)2 -5.231645±1.3477 0.0037 52167.40 
Mg2+ mM -35.77608±10.9973 0.0099 36635.47 
PO43- × Mg2+ mM 13.338924±5.1167 0.0284 23525.57 
Ca2+ mM -14.24226±5.4846 0.0289 23343.21 
KNO3 mM 5.3068692±2.2137 0.0401 19892.99 
(Ca2+ mM)2 10.291348±4.5627 0.0505 17611.06 
(KNO3 mM) 2 0.2108255±0.13052 0.1407 9031.70 
Buds/Vessel × KNO3 mM 0.1858996±0.1400 0.2170 6099.88 
PO43- mM -1.9654±5.6959 0.7380 412.15 
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Table 3.4 Bisdemethoxycurcumin concentrations (µg/g) in dry turmeric rhizome for the 
high-input fertilizer treatment. The forward stepwise method selected the final model that 
had R2 = 0.779, R2a = 0.626, and R2p = 0.500, and F statistic = 4.3558 at P<0.0146. 
Model terms Model coefficients P-value Mean square 
Mg2+ × KNO3 mM  0.1312±0.0303 0.0008 136.057 
Buds/Vessel  -0.5313±0.1252 0.0010 131.261 
Ca2+ × Mg2+ mM  -0.5725±0.1787 0.0069 74.748 
(Buds/Vessel)2 -0.1426±0.0486 0.0117 62.675 
Ca2+ × KNO3 mM 0.0272±0.0135 0.0649 29.633 
Buds/Vessel × Mg2+ mM  0.1563±0.0854 0.0903 24.401 
(Ca2+ mM)2 0.3093±0.1972 0.1408 17.930 
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Table 3.5 Curcumin concentration (µg/g) in dry turmeric rhizome for the low-input 
fertilizer treatment. The forward stepwise method selected the final model that had R2 = 
0.682, R2a = 0.531, and R2p = 0.326, and F statistic = 4.5302 at P<0.0027. 
Model terms Model coefficients P-value Mean square 
Buds/Vessel × Mg2+ mM 11.618±3.7793 0.0062 180251.65 
Buds/Vessel × Ca2+ mM 5.6567±1.8613 0.0068 176148.44 
PO43- × Ca2+ mM -12.295±4.4132 0.0118 148040.75 
PO43- mM 31.1626±11.9228 0.0171 130290.46 
Buds/Vessel × PO43- mM -5.3589±2.1587 0.0226 117537.05 
(Buds/Vessel)2 4.5488±1.8571 0.0242 114424.13 
Ca2+ mM -10.7645±9.7277 0.2823 23354.2 
Mg2+ mM 15.6012±20.1705 0.4488 11410.04 
Buds/Vessel 2.3912±5.1672 0.6488 4084.67 
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Table 3.6 Demethoxycurcumin concentration (µg/g) in dry turmeric rhizome for the low-
input fertilizer treatment. The forward stepwise method selected the final model that had 
R2 = 0.686, R2a = 0.512, and R2p = 0.219, and F statistic = 3.9408 at P<0.0056. 
Model terms Model coefficients P-value Mean Squares 
Buds/Vessel × Mg2+ mM 2.7555±0.8162 0.0034 8242.383 
PO43- × Ca2+ mM -2.3105±0.8512 0.0142 5328.223 
Buds/Vessel × PO43- mM  -1.0912±0.4534 0.0271 4188.798 
PO43- mM 5.5763±2.3494 0.0290 4074.481 
(Buds/Vessel)2 0.8366±0.3599 0.0320 3906.124 
Buds/Vessel × Ca2+ mM -0.7608±0.3655 0.0519 3133.393 
Ca2+ × KNO3 mM -0.2248±0.1244 0.0875 2361.727 
PO43- × Mg2+ mM -3.1559±1.8657 0.1080 2069.308 
Ca2+ mM Mg2+ mM -3.0823±1.8971 0.1216 1909.338 
Mg2+ mM -3.5391±4.2603 0.4170 499.101 
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Table 3.7 Bisdemethoxycurcumin concentration (µg/g) in dry turmeric rhizome for the 
low-input fertilizer treatment. The forward stepwise method selected the final model that 
had R2 = 0.629, R2a = 0.495, and R2p = 0.182, and F statistic = 3.4931 at P<0.0103. 
Model terms Model coefficients P--value Mean Squares 
Buds/Vessel × Ca2+ mM 0.2211±0.0621 0.0020 275.95 
PO43- mM 1.1393±0.3982 0.0083 186.45 
Buds/Vessel × Mg2+ mM 0.2934±0.1272 0.0320 115.62 
(Buds/Vessel)2 0.1318±0.0608 0.0425 102.17 
Mg2+ mM 1.3691±0.6798 0.0577 88.27 
Buds/Vessel × PO43- mM  -0.1258±0.0721 0.0965 66.210 
PO43- mM × Ca2+ mM  -0.2400±0.1476 0.1195 57.586 
Mg2+ × KNO3 mM -0.0464±0.0385 0.2426 31.559 
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Table 3.8 Curcumin/bisdemethoxycurcumin ratio under the low-input fertilizer treatment. 
The forward stepwise method selected the final model that had R2 = 0.817, R2a = 0.679, 
and R2p = 0.191, and F statistic = 5.9558 at P<0.0007. 
Model terms Model coefficients P-value Mean square 
Mg2+ mM -1.6186±0.3745 0.0005 58.3696 
(Mg2+ mM)2 -1.5913±0.4125 0.0014 46.4862 
Buds/Vessel × Ca2+ mM -0.0827±0.0240 0.0033 37.0679  
(Ca2+ mM)2  0.3806±0.1135 0.0040 35.1611 
PO43- × KNO3 mM -0.0292±0.0091 0.0054 32.2846 
Mg2+ × KNO3 mM 0.0438±0.0183 0.0296 17.8269 
Buds/Vessel 0.1164±0.0684 0.1082 9.0494 
(KNO3 mM)2 0.0036±0.0021 0.1109 8.8967 
Ca2+ × KNO3 mM -0.0138±0.0089 0.1437 7.3895 
PO43- mM 0.0874±0.1528 0.5752 1.0229 
KNO3 mM 0.0118±0.0261 0.6571 0.6394 















Figure 3.1 Curcumin, demethoxycurcumin and bisdemethoxycurcumin concentrations in 
high-input fertilized rhizome were shown under the effect of (a) PO43- × Mg2+ interaction 
when the other factors were set as 18 buds/vessel, 3 mM Ca2+, and 60 mM KNO3 for 
curcumin concentration, (b) PO43-× Ca2+ interaction when the other factors were set as 11 
buds/vessel, 1.5 mM Mg2+, and 60 mM KNO3 for demethoxycurcumin concentration, 
and (c) Mg2+ × KNO3 interaction when the other factors were set as 9 buds/vessel and 9 
mM Ca2+ for bisdemethoxycurcumin concentration. The response surface plots show the 












Figure 3.2 Curcumin, demethoxycurcumin and bisdemethoxycurcumin concentrations in 
high-input fertilized rhizome were shown under the effect of (a) Plant density × Mg2+ 
interaction when the other factors were set as 6.25 mM PO43-, 3 mM Ca2+, and 60 mM 
KNO3 for curcumin concentration, (b) plant density × Mg2+ interaction when the other 
factors were set as 6.25 mM PO43- and 3 mM Ca2+ for demethoxycurcumin concentration, 
and (c) plant density × Ca2+ interaction when the other factors were set as 6.25 mM PO43-, 
1.5 mM Mg2+, and 60 mM KNO3 for bisdemethoxycurcumin concentration. The response 






Figure 3.3 The response surface plot show the effects of the interaction of plant density 
and Ca2+ on curcumin/bisdemethoxycurcumin ratio in turmeric dry rhizome under low-
input fertilizer treatment with 1.25 mM PO43-, 3 mM Mg2+, and 60 mM KNO3; along 
with the contour surface and surface plus residual data points..  
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CHAPTER FOUR 
OPTIMIZING IN VITRO MINERAL NUTRITION AND PLANT DENSITY 
INCREASES GREENHOUSE GROWTH RATE OF  
Curcuma longa L. 
 
Abstract 
Tissue cultured plants have little nutrient uptake following ex vitro transfer, yet 
tissue culture media have not been optimized for mineral nutrition at this stage. A multi-
factor design was conducted to test plant density (50-250 buds/L), PO43- (6.25-10.25 
mM), Ca2+ (2-10 mM), and KNO3 (18-100 mM) effects on Curcuma longa genotypes 
(L35-1 and L22-5) in the greenhouse. Both genotypes were concurrently tested in liquid 
Murashige and Skoog’s medium (MS) at the same density range. During 21-days in the 
greenhouse, plants from MS medium control group increased in fresh biomass 2.6±0.5 
fold regardless of plant density. Plants from high-density culture had lower leaf area 
index 22±8 cm2/bud than low-density (36±8 cm2/bud). Genotype L22-5 elongated to 
6±0.6 cm regardless of plant density but shoots of L35-1 elongated to 6±0.6 cm with low-
density and to 4±0.6 cm with high-density. In the mineral treatment media, plant density 
and KNO3 affected turmeric with maximal ex vitro responses at 2 mM Ca2+ regardless of 
PO43-. Relative fresh biomass increased to 3.3±0.5 fold in high-density with 42 mM 
KNO3, and in low-density increased 3.7±0.5 fold with 18 mM KNO3. Leaf area index 
from high-density was 67±16.4 cm2/bud with 70.4 mM KNO3, and increased to 
78.4±16.4 cm2/bud with low-density and 50.7 mM KNO3. Shoots elongated to 8.6±0.9 
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cm with high-density and increased up to 10.9±0.9 cm with low-density receiving 64 mM 
KNO3. Plants on modified media can grow faster and larger during acclimatization, with 
KNO3 concentration increased to allow better growth from high density in vitro cultures. 
Keywords: MS medium. Genotypes. Acclimatization. Response surface design. D-
optimal criteria. Low ammonia 
 
Introduction 
Different mineral media formulations have been developed for in vitro plant 
growth (George et al. 2008), with minimal information on the effect of media 
formulations on ex vitro growth. Optimizing in vitro shoot development during a 
hardening stage should improve ex vitro acclimatization and plant growth (Ziv 1986). 
Plant quality for acclimatization is improved by lowering N in MS medium (Murashige 
and Skoog 1962) and the main benefit of half strength MS on rooting is lower NH4+ 
(Economou 2013). However, diluting medium reduces all the minerals proportionately 
and might not be effective, where most of the nutrients required for growth during 
acclimatization, are carried in the plant tissue from the in vitro medium (Adelberg et al. 
2013). In turmeric, NH4+ free medium was found to result in the best greenhouse growth 
during acclimatization, with NO3-, PO43-, Ca2+ and Mg2+ at a fairly high concentration 
when compared with MS (Adelberg et al. 2013).  
The MS medium has sixteen elements, along with organic compounds and plant 
growth regulators (Murashige and Skoog 1962). Choosing which elements to vary in an 
experiment should be a deliberate strategy. Niedz and Evens (2007) clustered mineral 
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salts in groups, macronutrients (NH4NO3 and KNO3), mesonutrients (KH2PO4, MgSO4, 
and CaCl2), micronutrients (CuSO4, KI, CoCl2, H3BO3, and Na2MoO4) and chelated iron, 
and screened the factors in high and low concentrations relative to MS using response 
surface methodology (RSM). By adapting Niedz’s design, MS mineral salts were 
screened for improving in vitro shoot and leaf quality of Rubus idaeus L. (Poothong and 
Reed 2014), Corylus avellana L. (Hand et al. 2014), and Pyrus cultivars (Reed et al. 
2013a,b). The screening RSM experiment sufficiently identified the interactive effects of 
mesonutrient combinations on in vitro responses of Pyrus cultivars (Wada et al. 2013; 
Wada et al. 2015) and Curcuma longa (El-Hawaz et al. 2015). Testing salts as factors 
caused ion confounding and the specific concentration effect of each element may not be 
specifically quantified (Niedz and Evens 2006 and 2008). By balancing the charge of 
ions, Niedz and Evens (2008) determined a synergistic interaction of NH4+ and K+ that 
affected the growth of Citrus sinensis (L.) Osbeck. Low NO3- and low NH4+:K+ increased 
the growth of Brugmansia x candida Pers. (Niedz et al. 2012) and equimolar of NH4+:K+ 
enhance the quality of Gerbera hybrid (Niedz et al. 2014). In a similar experimental 
design, the greenhouse growth of Curcuma longa maximized when NO3- was the only 
source of N in the in vitro medium (Adelberg et al. 2013). By including plant density as a 
factor in the RSM, increased plant density was shown to increase the need for more 
minerals in vitro in order for Curcuma longa to grow faster when acclimatized in the 
greenhouse (Adelberg et al. 2013; El-Hawaz et al. in press). Liquid culture has inherent 
advantages for studying mineral nutrition when compared to semi-solid (agar-type) 
medium (De Klerk and Brugge 2011).  
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Doubling the standard MS concentration of PO43- from 1.25 to 2.5 mM increased 
the growth of Asparagus officinalis L. shoot apex culture (Murashige et al. 1972). With 
Curcuma longa, phosphorus was the first mineral to be depleted from the 2.5 mM PO43- 
medium (Murashige et al. 1972) during 21d of micropropagation (Adelberg 2010). The in 
vitro growth of Musa spp. was enhanced with 2 mM PO43- in solid MS medium (Amiri 
2008). Solanum tuberosum L. in vitro growth and shoot length increased with 2.5 and 
6.25 mM PO43- in MS medium (Sarkar et al. 2004). Increasing the concentration of NO3- 
as N source beyond the standard MS concentration improved the in vitro growth of 
Eucalupyus (Ivanova et al. 2009), Prunus domestica L. (Nowack et al. 2007), and 
Eleutherococcus koreanum Nakai. (Lee and Paek 2011). High plant density culture is 
desirable for commercial utility (Leifert et al. 1991). Increasing plant density exhausted 
PO43-, K+, and N in medium and reduced N and PO43- concentrations in Delphinium 
(Lumsden et al. 1990), Hemerocallis, and Iris tissues (Leifert et al. 1991). Spent medium 
analysis was used to show increasing in vitro plant density decreased PO43- and Mg2+ in 
Hemerocallis tissue to levels that were below standards of adequacy for the nursery 
growth (Adelberg et al. 2010).  
Curcuma longa is a sterile perennial rhizomatous plant, and an economically 
important species within the Zingiberaceae family. Turmeric powder has a market value 
as a condiment food color and flavoring agent (Madan 2007) and is used in folk 
medicines of Asia and Middle East (Afifi and Abu-Irmaileh 2000; Latif et al. 2014). 
Turmeric was chosen as a model to develop media for herbaceous monocots used in 
phytochemical production or as ornamental plants (Adelberg 2010).  
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The current research aims 1) to observe the effects of low NH4+ medium 
containing various mineral concentrations on the subsequent growth during 21d 
acclimatization for two genotypes of Curcuma longa, 2) to identify optimal combinations 
of in vitro minerals and plant density for ex vitro relative gain in fresh biomass, leaf area 
index, and the shoot length, and 3) compare these results to what is observed from liquid 
MS medium. 
 
Materials and Methods  
Plant Material  
Curcuma longa genotypes L35-1 and L22-5 buds were sterilized and initiated in 
stage I and propagated in stage II as described by Adelberg and Cousins (2007). The 
genotypes were supplied by the University of Arizona Southwest Center for Natural 
Products Research and Commercialization (UA Herbarium #375,742, ARIZ). Turmeric 
buds were propagated in 33 mL of MS medium with 6% m/v sucrose and 1 µM 
benzyladenine (BA) in a cylindrical glass jar (180 mL) with a Magenta B-cap closure 
(Magenta Crop, Chicago, IL, USA) at 23±2ºC under cool white fluorescent lights with 
the intensity of 25-30 µmol m2s-1 photosynthetically active radiant (PAR) for 16 hours 
per day. Five buds were subcultured in 40 mL of 2×SH medium (Schenk and 
Hilderbrandt 1972) supplied with 5% m/v sucrose and 3 µM BA for three cycles 35d 
each. 
 
In Vitro Propagation 
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Turmeric buds were transferred into 40 mL of liquid modified MS medium 
supplemented with 5% m/v sucrose, 3 µM BA, and 5 mM NH4+. Twenty-five 
combinations of PO43- (6.25, 8.25, 10.25 mM), KNO3 (18, 59, 100 mM), Ca2+ (2, 6, 10 
mM), and 50, 150, 250 buds/L plant density (the initial buds per medium volume) were 
selected based on D-optimal criteria (Table 4.1). To maintain the charge balance in media 
mixtures design, SO42- ion was used as a counter ion and considered as a covariant factor 
(Adelberg et al. 2013; El-Hawaz et al. 2015). Trimmed buds were subcultured for four 35 
d cycles to acclimate plants to treatment conditions. At the same time, the genotypes were 
also propagated at the three densities in 40 mL of liquid MS medium supplemented with 
5% m/v sucrose and 3 µM BA as an internal control.  
 
Media Analysis  
At the end of the forth cycle, the concentration of PO43-, K+, Ca2+, Mg2+, SO42-, 
Fe3+, Mn2+, B3+, Zn2+, and Cu2+ in the remaining media were determined by Thermo 
Jarrell Ash Model 61E Inductively Coupled Plasma (ICP; Analytical West, Inc., Corona, 
CA, USA). Flow Injection Analyzers (FIAlab-2500; FIAlab instruments, Inc., Bellevue, 
WA, USA) determined N in NO3-. The Agricultural Service Laboratory at Clemson 
University (Clemson, SC, USA) provided the mineral analyses.  
 
Acclimatization 
Following the fourth cycle, in vitro plants were washed with tap water and 
assigned to planting trays (601, six sections L × W × H, 16 × 12 × 5.5 cm polyethylene 
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insert, fitting a webbed 1020 polyethylene tray, Landmark Plastics, Akron, OH, USA) 
based on the initial plant density as follows: the products of low plant density (50 buds/L) 
were transferred to one section, the products of moderate plant density (150 buds/L) were 
transferred to 3 sections, and the products of high plant density (250 buds/L) were 
transferred to 5 sections. Plants grew for 21d in soilless mix Fafard 3B (Canadian 
sphagnum peat moss, 7.62/20.32 cm processed pine bark, perlite, vermiculite, wetting 
agent, starter fertilizer and dolomitic limestone; Sun Gro Horticulture, Agawam, MA, 
USA) in the greenhouse with mist frequency of 8 sec every 10 min during the daylight 
hours, latitude = 34.67350, and longitude = -82.83261. The trays were moved one 
position in series around the mist bed, shifting daily to compensate for non-uniform 
irrigation, wind and shading on the greenhouse mist bench (Figure 4.1).  
 
Greenhouse Growth 
After 21d acclimatization period harvested plants were washed free of soil and 
dried on paper towels. The relative fresh biomass gain (RFBG) was calculated for the 
harvested plants/vessel as Fresh biomass after 21d out / Fresh biomass at day 0 in 
greenhouse.  
The shoot length and leaf area were measured from flat images using Image J 
software (Image J/ FIJI 1.46, Rasband, W.S., ImageJ, U.S. National Institutes of Health, 
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2014). A leaf area index 
adjusted the leaf canopy from each vessel, by dividing by the number of initial buds in 
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that vessel: Leaf area / initial buds (cm2/bud) and expressed as LAI. The average shoot 
length (from each vessel) was analyzed for shoots above a 4 cm acceptance standard. 
 
Experimental Design and Statistical Analysis 
D-optimal criteria were used to select 25 treatments (out of 81 possible 
combinations of four factors at three levels each). The experiment was duplicated to 
examine an extra qualitative factor (genotypes) at two levels. The factor terms to include 
in the response surface models and shown in tables were selected by forward stepwise 
methods and terms were considered significant at P<0.05. Statistical criteria such as the 
R2, the adjusted R2 (R2a), the predicted R2 (R2p), the overall F statistic, and P-value, were 
used to assess the utility of each model. An external control was run concurrently testing 
the effects of two genotypes and the three levels of plant density in MS medium in a 
completely randomized experiment (2×3 factorial arrangement with the three replicates). 
The factorial model terms were considered significant at P<0.05. The experimental 
designs, analysis, and graphs were created using JMP version 11.0 (SAS Inst., Cary, NC, 
USA).  
 
Results and Discussion  
Relative Fresh Biomass Gain (RFBG) 
After the 21d acclimatization period, fresh biomass from standard MS more than 
doubled (2.6±0.5 fold for both genotypes), regardless of plant density. In mineral 
treatments media, RFBG could be optimized by selecting KNO3 concentration in the 
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tested range, as indicated by the significant negative quadratic term (Table 4.2). The 
interaction of KNO3 with plant density and with Ca2+ significantly affected RFBG during 
the 21d acclimatization in both genotypes (Table 4.2). Plants grown with high plant 
density required 42 mM KNO3 and 2 mM Ca2+ in vitro to increase RFBG 3.3±0.5 fold. 
Plants grown with low plant density and subjected to 18 mM KNO3 and 2 mM Ca2+ in 
vitro resulted in the greatest RFBG (3.7±0.5 fold, Figure 4.2). Choosing KNO3 as a 
macronutrient salt to charge balance NO3- made it difficult to distinguish between the 
effects of NO3 and K+. Although, K+ and NO3- were supplied in equimolar amounts, 
spent medium analysis showed twice as much K+ remained following the culture period 
(Figure 4.3), suggesting that regardless of NO3- concentration K+ was more than ample 
for maximum growth and the increased demand for KNO3 in high-density culture was 
driven by the increased need for NO3-.  
In a similar study, turmeric RFBG during 14d acclimatization period had been 
affected by mineral nutrition in vitro, but the non-uniformity in mist bed conditions, 
wind, light intensity, and irrigation, may have caused uncontrolled error that resulted in 
the model having low reliability and predictability (Adelberg et al. 2013). Water loss 
from the leaf surface during acclimatization severely limits growth, and controlling 
relative humidity, air movement and light intensity in the acclimatization environment is 
necessary to allow in vitro plants grow well in a greenhouse (Kozai 1991). In the present 
study, the variation in light, wind, and irrigation water on the greenhouse bench was 
randomly distributed across treatments by rotating the trays in the greenhouse one 
position every day. 
 85 
 
Leaf Area Index (LAI) 
In vitro plant density significantly affected LAI of plants from MS after the 21d 
acclimatization period. Both genotypes had 22±8 cm2/bud with high plant density, which 
was significantly lower than the LAI from low plant density (36±8 cm2/bud). In the 
mineral treatments media, the significant negative quadratic term and the interaction of 
plant density with KNO3 indicated that the optimal concentration of KNO3 was in range 
of the experiment and affected by plant density (Table 4.3). In both genotypes after 21 d 
acclimatization, Ca2+ significantly affected turmeric LAI (Table 4.3). Turmeric grown 
with high plant density, 70.4 mM KNO3, and 2 mM Ca2+ had LAI 67±16.4 cm2/bud. In 
comparison, medium with 50.7 mM KNO3 regardless of Ca2+ maximized LAI of low 
plant density to 78.4±16.4 cm2/bud (Figure 4.4). In the optimal media, N concentration 
was still in a similar range to that specified in MS medium except NO3- is higher, where 
K+ was used as a counter ion instead of NH4+ or Na+. Leaf area and shoot length of field 
grown turmeric correlated well with final rhizome yield (Panja et al. 2002; Ravindran et 
al. 2007 and citation within).  
 
Shoot Length 
 Genotypes grown on MS medium had different shoot lengths. Genotype L22-
5 elongated to 6±0.6 cm regardless of plant density after 21d acclimatization. However, 
shoot length of genotype L35-1 elongated to 4±0.6 cm with high plant density and to 
6±0.6 cm long with low plant density. Similar to RFBG and LAI from the mineral 
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treatment media, the length of turmeric shoot could be optimized by selecting KNO3 in 
the tested range as indicated by the significant negative quadratic term (Table 4.4). Plant 
density and Ca2+ significantly affected the shoot length regardless of the genotypes 
(Table 4.4). The response surface method identified that high plant density growth with 
medium containing 64 mM KNO3, 6.25 mM PO43-, and 2 mM Ca2+ resulted in shoot 
length of 8±0.9 cm, which was shorter than plants from low plant density in the same 
medium (10.9±0.9 cm, Figure 4.5). The negative quadratic term of KNO3 indicates that 
the optimal concentration is in the range that was tested. 
In the present study, the optimal concentration of K+ and NO3- in vitro were 
greater than concentrations specified in MS. The optimal K+ was 3 to 4× and the optimal 
NO3- was 1.5× greater than NO3- in MS.  
With proper combinations of treatments; plants grew larger than those grown in 
MS (Figure 4.6). The differences in RFBG, LAI, and shoot length were plainly observed 
when viewing the young plants. Many scientists have used the half MS medium for the 
third stage of micropropagation (shoot development) to avoid the high N concentration in 
the medium (especially NH4+) that may cause hyperhydricity (Ziv 1991; George et al. 
2008; Ivanova et al. 2009; Reed et al. 2013b) and to improve in vitro rooting of 
transferring plants (Moncousin 1991; Economou 2013). However, diluted medium 
concentration could create problems with the inadequate minerals in MS medium 
(Adelberg et al. 2013).  
The concentration of Ca2+ in the optimal media (2 mM) was lower than the 
concentration specified in MS (3 mM). In the cytosol, free Ca2+ plays a role as a signal 
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transduction for many enzymes; thus the concentration is highly regulated and the Ca2+ is 
transported out the cytosol by energy-dependent efflux (Taiz and Zeiger 2006). In the 
treatment media, the up take of Ca2+ and the concentration of Ca2+ in the plant tissues 
increased with increasing Ca2+ concentration (data not shown). The photosynthetic 
process in the acclimatizing plant might not provide adequate energy to maintain efflux 
Ca2+ out the cytosol. Reducing the strength of MS medium to the half might enhance the 
acclimatization growth of in vitro plants but stage III may only need less NH4+ and Ca2+ 
with increasing KNO3 and PO43-. 
 
Conclusion 
In the present study, KNO3 was the most important nutrient factor that increased 
the ex vitro growth from high plant density culture. The residual K+ in the remaining 
media indicated that the supply K+ in the higher concentrations might not be necessary as 
a nutrient, but could be useful as a cation for adding more NO3- in a salt-based 
formulation. 
A low NH4+ (5 mM) stage III medium was developed in prior works to promote 
turmeric growth during acclimatization consists of high PO43- concentration (Adelberg et 
al. 2013; El-Hawaz et al. 2015). In this study, the PO43- concentrations tested were much 
greater than the 1.25 mM PO43- used in standard MS medium. The fact that PO43- did not 
influence ex vitro quality metrics, suggests that 6.25 mM PO43- is adequate for turmeric in 
the stage of acclimatization. The high plant density, which is commercially desirable, 
grew larger and faster ex vitro when subjected to high PO43-, high KNO3, low Ca2+ and 
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low NH4+ media in comparison to MS medium. In vitro mineral nutrition is a critical 
factor in acclimatization stage before the root system is established in the soil mix. 
Using RSM allows for modifying in vitro media for better ex vitro growth. In a 
plant propagation nursery, the plant is removed from mist and repotted to a larger 
container when it has attained the proper size. The rapid removal of acclimatized plants 
under mist reduces the risk of pest infestation, allows an early application of conventional 
fertilizer, and therefore increases the efficiency of the propagation nursery. In vitro 
treatments that make ex vitro plants grow more quickly through acclimatization are 
superior as propagation stock.  
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Table 4.1 The twenty-five treatments combinations of four factors, in vitro plant density 
(buds/L), PO43- mM, KNO3 mM, and Ca2+ mM and SO42- mM was a covariate. The entire 
design was repeated for two genotypes of Curcuma longa genotypes L35-1 and L22-5. 
Treatments Buds/L PO43- mM KNO3 mM Ca2+ mM SO42- mM 
1 50 10.25 18 2 1.5 
2 50 10.25 100 10 8.25 
3 50 6.25 18 10 10.25 
4 250 10.25 100 2 1.5 
5 250 6.25 100 10 10.25 
6 50 6.25 100 10 10.25 
7 50 6.25 18 2 2.25 
8 150 6.25 100 6 6.25 
9 250 10.25 100 10 8.25 
10 250 6.25 18 2 2.25 
11 250 6.25 18 10 10.25 
12 50 10.25 18 10 8.25 
13 150 8.25 59 2 2.5 
14 50 10.25 59 6 4.25 
15 150 8.25 100 10 9.25 
16 150 10.25 59 10 8.25 
17 50 8.25 18 6 5.25 
18 250 8.25 59 6 5.25 
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19 250 6.25 100 2 2.25 
20 50 10.25 100 2 1.5 
21 50 6.25 100 2 2.25 
22 250 10.25 18 2 1.5 
23 50 6.25 59 10 10.25 
24 150 6.25 18 6 6.25 
25 250 10.25 18 10 8.25 
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Table 4.2 Turmeric relative fresh biomass gain (RFBG) was affected by in vitro plant 
density, KNO3, and Ca2+ after 21d acclimatization period. The forward stepwise method 
selected the final model that has R2 = 0.582, R2a = 0.496, and R2p = 0.313, F statistic = 
6.748 at P<0.0001. 
  
Model terms Model coefficients P-value  Mean 
square 
KNO3 mM -0.4637±0.0990 <0.0001 5.7488 
Buds/L × KNO3 mM 0.3604±0.1139 0.0036 2.6280 
KNO3 mM × Ca2+ mM 0.2697±0.1121 0.0228 1.5187 
(KNO3 mM)2 -0.4609±0.2101 0.0364 1.2640 
Buds/L 0.0587±0.1052 0.5812 0.0816 
Ca2+ mM -0.0509±0.1013 0.6186 0.0664 
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Table 4.3 Turmeric leaf area index (LAI) produced after 21d acclimatization period was 
affected by in vitro plant density, KNO3, Ca2+, and genotypes. The forward stepwise 
method selected the final model that has R2 = 0.502, R2a = 0.396, R2p = 0.146, and F 




Model terms Model coefficients P-value  Mean square 
(KNO3 mM)2 -22.214±6.8648 0.0031 2823.9931 
Buds/L × KNO3 mM  10.7134±3.7693 0.0083 2178.5633 
Ca2+ mM -7.1577±3.3030 0.0389 1266.5633 
Buds/L -6.0442±3.3828 0.0848 860.9083 
Genotype L22-5 -3.4981±2.8148 0.2243 416.4939 
KNO3 mM 1.7429±3.2932 0.6008 75.5367 
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Table 4.4 Turmeric shoot length was affected by in vitro plant density, PO43-, KNO3, 
Ca2+, and genotypes after 21d acclimatization period. The forward stepwise method 
selected the final model that has R2 = 0.727, R2a = 0.591, and R2p = 0.311, and F statistic 
= 5.3413 at P<0.0004. 
 
  
Model terms Model coefficients P-value  Mean square 
Buds/L -0.7432±0.2001 <0.0012 11.2099 
(KNO3 mM)2 -1.4132±0.3959 0.0017 10.3582 
KNO3 mM  0.4458±0.2015 0.0376 3.9810 
Ca2+mM -0.4034±0.1942 0.0497 3.5068 
Buds/L × PO43- mM 0.4050±0.2012 0.0565 3.2962 
Genotype L22-5 0.3095±0.1622 0.0695 2.9610 
KNO3 mM × Ca2+ mM 0.4088±0.2217 0.0787 2.7646 
Genotype L22-5 × KNO3 
mM 
0.3423±0.1825 0.0851 2.6440 
(Buds/L)2 0.6379±0.3952 0.1207 2.1188 
Genotype L22-5 × PO43- mM -0.2693±0.1825 0.1542 1.7707 
PO43- mM -0.2805±0.1959 0.1662 1.6677 
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Figure 4.1 Daily movements of trays distributed error due to light and misting 
irregularities in the greenhouse.  
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Figure 4.2 Effect of in vitro plant density and KNO3 concentration on the relative fresh 
biomass gain of turmeric after 21d acclimatization period. The counter surface and the 
surface plus residual points were presented when Ca2+concentration was set at 2 mM. The 




Figure 4.3 A regression plot shows the concentration of K+ and N (mmol/vessel) in spent 
media after 35d of turmeric micropropagation. The regression equation is K+ in 





Figure 4.4 Effect of in vitro plant density and KNO3 concentration on the leaf area index 
(cm2/bud) of turmeric after 21d acclimatization period. The counter surface and the 
surface plus residual points were presented when Ca2+ concentration was set at 2 mM in 
vitro. The line segment shows the leaf area index of plants from MS at high and low plant 
density plotted to 40 mM NO3-.  
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Figure 4.5 Effect of in vitro plant density and KNO3 concentration on the shoot length 
(cm) of turmeric after 21d acclimatization period. The counter surface and the surface 
plus residual points were presented when other in vitro factors set at 6.25 mM PO43- and 
2 mM Ca2+. The line segment shows shoots length of MS plants in low and high plant 







Figure 4.6 Two-dimensional images of Curcuma longa after 21d of ex vitro growth show 
the subsequent effect of in vitro growth media. Low plant density grown on MS medium 
(a) genotype L35-1 and (b) genotype L22-5 compering to prior treatments were applied 
in vitro, plants grown with low plant density, 10.25 mM PO43-, 2 mM Ca2+, and 59 mM 
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KNO3 (c) genotype L35-1 and (d) genotype L22-5. Plants grown in vitro on MS medium 
with high plant density (e) genotype 35-1 and (f) genotype L22-5 compering with the 
treatment of high plant density, 10.25 mM PO43-, 10 mM Ca2+, and 100 mM KNO3 (g) 
genotype L35-1 and (h) genotype L22-5. As a consequence of using D-optimal selection, 
less than one third (25/81) of the treatment points were tested thus treatment points 
photographed here were closest to the optimal formulae.   
 101 
REFERENCES 
Adelberg J. Efficiency in a thin-film system for micropropagation of Hosta. Plant Cell 
Tissue Organ Cult. 2005;81: 359-368. 
Adelberg J, Cousins MM. Thin films of liquid media for heterotrophic growth and 
storage organ development: Turmeric (Curcuma longa) as a model plant. 
HortScience. 2006;41(3): 539-542. 
Adelberg J, Cousins MM. Development of micro- and minirhizome of turmeric, Curcuma 
longa L., in vitro. Acta Hort. 2007;765: 103-108. 
Adelberg J. Sucrose water and nutrient use during stage II multiplication of two turmeric 
clones (Curcuma longa L.) in liquid medium. Sci Hortic. 2010;12: 262-267. 
Adelberg J, Delgado MP, Tomkins JP. Spent medium analysis for liquid culture 
micropropagation of Hemerocallis on Murashige and Skoog medium. In Vitro 
Cell Dev Biol Plant. 2010;46: 95-107. 
Adelberg J, Fári MG. Applied physiology and practical bioreactors for plant propagation. 
Propagation of Ornamental Plants. 2010;10(4): 205-219. 
Adelberg J, Driesse T, Halloran S, Bridges WC. Relationships between nutrients and 
plant density in liquid media during micropropagation and acclimatization of 
turmeric. In Vitro Cell Dev Biol Plant. 2013;49: 724-736. doi: 10.1007/s11627-
013-9576-y 
Afifi FU, Abu-Irmaileh B. Herbal medicine in Jordan with special emphasis on less 
commonly used medicinal herbs. Journal of Ethnopharmacology. 2000;72: 101-
110. doi: 10.1016/S0378-8741(00)00215-4 
Aggarwal B, Bhatt I, Ichikawa H, Ahn K, Sethi G, Sandur S, Sundaram C, Seeram N, 
Shishodia S. Curcumin-Biological and medicinal properties. In: Ravindran PN, 
Babu KN, Sivaraman K, editors. Turmeric the genus Curcuma. Boca Raton: CRC 
press; 2007 pp. 297-368.  
Amiri M. Availability of the Pi to Banana (Musa acuminate var. Dwarf Cavendish) 
Explant. American-Eurasian J Agric & Environ Sci. 2008;4(3):280-286. 
 102 
 
Anderson-Cook CM, Borror CM, Montgomery DC. Response surface design evaluation 
and comparison. J Stat Plan Inference. 2009;139: 629-641. 
Arigita L, Gonzalez A, tames R. Influence of CO2 and sucrose on photosynthesis and 
transpiration of Actinidia deliciosa explants cultured in vitro. Physiol Plant. 
2002;115, 166-173. doi: 10.1034/j.1399-3054.2002.1150119.x 
Arigita L, Cañal MJ, Tamés RS, González A. CO2-enriched microenvironment affects 
sucrose and macronutrients absorption and promotes autotrophy in the in vitro 
culture of kiwi (Actinidia deliciosa Chev. Liang and Ferguson). In Vitro Cell Dev 
Biol Plant. 2010;46: 312-322. 
Bourgaud F, Gravot A, Milesi S, Gontier E. Production of plant secondary metabolites: a 
historical perspective. Plant Sci. 2001;161: 839-851. doi:10.1016/S0168-
9452(01)00490-3 
Chang Y, Chang K, Hsu C, Chuang L, Chen C, Huang F, et al. A comparative study on 
batch and fed-batch cultures of oleaginous yeast Cryptococcus sp. in glucose-
based media and corncob hydrolysate for microbial oil production. Fuel. 
2012;105: 711-717. doi: 10.1016/j.fuel.2012.10.033. 
Cousins M, Adelberg J. Short-term and long-term time course studies of turmeric 
(Curcuma longa L.) microrhizome development in vitro. Plant Cell Tissue Organ 
Cult. 2008;93: 283-293. doi: 10.1007/s11240-008-9375-z 
Cousins M, Adelberg J, Chen F, Rieck J. Secondary metabolism-inducing treatments 
during in vitro development of turmeric (Curcuma longa L.) rhizomes. J Herbs 
Spices Med Plants. 2009;15(4): 303-317. doi:10.1080/10496470903507841 
De Klerk G, Brugge J. Micropropagation of dahlia in static liquid medium using slow-
release tools of medium ingredients. Sci Hortic. 2011;127: 542-547. 
Economou AS. From microcutting rooting to microplant establishment: key points to 
consider for maximum success in woody plants. Acta Hort. 2013;988: 43-56. 
 103 
El-Hawaz RF, Bridges WC, Adelberg JW. In vitro growth of Curcuma longa L. in 
response to five mineral elements and plant density in fed-batch culture systems. 
PLoS ONE. 2015;10(4): e0118912. doi:10.1371/journal.pone.0118912 
El-Hawaz R, Bridges WC, Adelberg JW. Nutrition in fed-batch bioreactors affects 
subsequent size and productivity of turmeric during six months in greenhouse. 
Acta Hort. (in press). 
Etienne H, Berthouly M. Temporary immersion systems in plant micropropagation. Plant 
Cell Tissue Organ Cult. 2002;69(3): 215-231. 
Ferri M, Dipalo SCF, Bagni N, Tassoni A. Chitosan elicits mono-glycosylated stilbene 
production and release in fed-batch bioreactor cultures of grape cells. Food Chem. 
2010;124: 1473-1479. 
George EF, Hall MA, De Klerk G. Plant propagation by tissue culture: The background. 
Volume 1. London: Springer Limited; 2008. 
Halloran S, Adelberg J. A macronutrient optimization platform for micropropagation and 
acclimatization: using turmeric (Curcuma longa L.) as a model plant. In Vitro 
Cell Dev Biol Plant. 2011;47: 257-273.  
Hand C, Maki S, Reed B. Modeling optimal mineral nutrition for hazelnut 
micropropagation. Plant Cell Tiss Organ Cult. 2014;119: 411-425. 
Henshaw G, Jha K, Mehta A, Shakeshaft D, Street H. Studies on the growth in culture of 
plant cells. J. Exp. Bot. 1966;17: 362-77. http://www.jstor.org/stable/23687078 
Ivanova M, Van Staden J. Nitrogen source, concentration, and NH4+:NO3- ratio influence 
shoot regeneration and hyperhydricity in tissue cultured Aloe polyphylla. Plant 
Cell Tissue and Organ Cult. 2009;99: 167-174. doi: 10.1007/s11240-009-9589-8  
Jo E, Tewari R, Hahn E, Paek K. In vitro sucrose concentration affects growth and 
acclimatization of Alocasia amazonica plantlets. Plant Cell Tissue and Organ 
Cult. 2009;96(3): 307-315. 
 104 
Katsuyama Y, Kita T, Funa N, Horinouchi S. Curcuminoid biosynthesis by two type iii 
polyketide synthases in the herb Curcuma longa. J. Biol. Chem. 2009a;284(17): 
11160-11170. 
Katsuyama Y, Kita T, Horinouchi S. Identification and characterization of multiple 
curcumin synthases from the herb Curcuma longa. FEBS Letters. 2009b;583(17): 
2799-2803. doi:10.1016/j.febslet.2009.07.029 
Kim EK, Hahn EJ, Murthy HN, Paek KY. (2004) Enhanced Shoot and Bulblet 
Proliferation of Garlic (Allium sativum L.) in Bioreactor System. J Hortic Sci 
Biotechnol. 2004;79: 818-822. 
Kita T, Imai S, Sawada H, Kumagai H, Seto H. The biosynthetic pathway of curcuminoid 
in turmeric (Curcuma longa) as revealed by 13C-labeled precursors. Biosci. 
Biotechnol. Biochem. 2008;72 (7): 1789-1798. dio:10.1271/bbb.80075 
Kozai T. Acclimatization of micropropagated plants. In: Bajaj YPS (ed) Biotechnology in 
agriculture and forestry, volume 17. Spring, Berlin, 1991. pp 127-141. 
Latif A, Amer H, Hamad M, Alarifi SA, Almajhdi F. Medicinal plants from Saudi Arabia 
and Indonesia: In vitro cytotoxicity evaluation on Vero and HEp-2 cells. J. Med. 
Plant Res 2014;8(34): 1065-1073. dio:10.5897/JMPR2014.5481 
Lee E, Paek K. Effect of Nitrogen Source on Biomass and Bioactive Compound 
Production in Submerged Cultures of Eleutherococcus koreanum Nakai 
Adventitious Roots. Biotechnol. Prog. 2011; 28(2): 509. 
Lees R, Evans E, Nicholas J. Photosynthesis in clematis, 'The President', during growth 
in vitro and subsequent in vivo acclimatization. J Exp Bot. 1991;42: 605-610.  
Leifert C, Pryce S, Lumsden PJ, Murphy KP. Effects of mineral nutrition on the growth 
of tissue cultured plants. In: Horticultural exploitation of recent biological 
developments. Lancashire Polytechnic: Goulding, KHEd; 1991. pp. 43-57 
Li S, Yuan W, Deng G, Wang P, Yang P, Aggarwal B. Chemical composition and 
product quality control of turmeric (Curcuma longa L.). Pharm Crop. 2011; 2: 28-
54. 
 105 
Lumsden P, Pryce S, Leifert C. Effect of mineral nutrition on growth and multiplication 
of in vitro cultured plants. In: Nijkamp H, Van der Plas L, Van Aartijl J, editors. 
Progress in plant cellular and molecular biology. Dordrecht: Kluwer; 1990. pp. 
108-114. 
Ma X, Gang D. Metabolic profiling of turmeric (Curcuma longa L.) plants derived from 
in vitro micropropagation and conventional greenhouse cultivation. J. Agric. Food 
Chem. 2006;54(25): 9573-9583. dio:10.1021/jf061658k 
Madan MS. Turmeric-Production, marketing, and economics. In: Ravindran PN, Babu 
KN, Sivaraman K, editors. Turmeric the genus Curcuma. Boca Raton: CRC press; 
2007. pp. 369-408 
Mazri MA. Effect of basal medium, explants size and density on the in vitro proliferation 
and growth of date palm (Phoenix dactylifera L.) cultivar ’16-bis’. Notulae 
Scientia Biologicae. 2013;5: 332-337. 
Moncousin C. Rooting of microcuttings: general aspects. Acta Hort. 1991; 289:301-310. 
Murashige T, Skoog F. A revised medium for rapid growth and bio assays with tobacco 
tissue cultures. Physiol Plant. 1962;15(3): 473-497. 
Murashige T, Shabde MN, Hasegawa PM, Takatori FH, Jones JB Propagation of 
asparagus through shoot apex culture. I. Nutrient medium for formation of 
plantlets. J Amer Soc Hort Sci. 1972;97(2): 158-161. 
Nahar L, Sarker S. Phytochemistry of the genus Curcuma. In: Ravindran PN, Babu KN, 
Sivaraman K, editors. Turmeric the genus Curcuma. Boca Raton: CRC press; 
2007. pp. 71-106. 
Niedz RP, Evens TJ. A solution to the problem of ion confounding in experimental 
biology. Nat Methods. 2006;3: 417. 
Niedz RP, Evens TJ. Regulating plant tissue growth by mineral nutrition. In Vitro Cell 
Dev Biol Plant. 2007;43(4): 370-381. 
Niedz RP, Evens TJ. The effects of nitrogen and potassium nutrition on the growth of 
nonembryogenic and embryogenic tissue of sweet orange (Citrus sinensis (L.) 
Osbeck). BMC Plant Biology. 2008;8: 126.  
 106 
Niedz RP, Evens TJ, Hyndman S, Adkins S, Chellemi D. In vitro shoot growth of 
Brugmansia × candida Pers. Physiol Mol Biol Plants. 2012;18(1): 6978. Dio: 
10.1007/s12298-011-0100-8 
Niedz R, Hyndman S, Evens T, Weathersbee A. Mineral nutrition and in vitro growth of 
Gerbera hybrid (Asteraceae). In Vitro Cell Dev Biol Plant. 2014;50: 458-470. 
Nirmal Babu K, Minoo D, Geetha S, Sumathi V, Praveen K. Biotechnology of turmeric 
and related species. In: Ravindran PN, Babu KN, Sivaraman K, editors. Turmeric 
the genus Curcuma. Boca Raton: CRC press; 2007. pp. 107-128. 
Nowack B, Miczyn K, Hudy L. The effect of total inorganic nitrogen and the balance 
between its ionic forms on adventitious bud formation and callus growth of 
‘We˛gierka Zwykła’ plum (Prunus domestica L.). Acta Physiol Plant. 2007;29: 
479-484. 
Paek K, Hahn E, Son S. Application of bioreactors for large-scale micropropagation 
systems of plants. In Vitro Cell Dev Biol Plant. 2001;37(2): 149-157.  
Paek K, Chakrabarty D, Hahn E. Application of bioreactor systems for large scale 
production of horticultural and medicinal plants. In: Hvoslef-Eide A, Preil W, 
editors. Liquid culture systems for in vitro plant propagation., The Netherlands: 
Springer; 2005. pp. 95-116. 
Panja B, De D, Basak S, Chatapadhyay S. Correlation and path analysis in turmeric 
(Curcuma longa L.). J Spices Aromatic Crops. 2002;11(1): 70-73. 
Payne GF, Bringi V, Prince C, Shuler ML. Plant cell and tissue culture in liquid systems. 
1 st ed. New York: Hanser;1992. 
Phillips R, Henshaw GG. The regulation of synthesis of phenolics in stationary phase cell 
cultures of Acer pseudoplatanus L. J Exp Bot. 1977;28(4): 785-794. 
doi:10.1093/jxb/28.4.785 
Poothong S, Reed B. Modeling the effects of mineral nutrition for improving growth and 
development of micropropagated red raspberries. Sci Hortic. 2014;165: 132-141. 
 107 
Ramirez-Ahumada M, Timmermann B, Gang D. Biosynthesis of curcuminoids and 
gingerols in turmeric (Curcuma longa) and ginger (Zingiber officinale): 
Identification of curcuminoid synthase and hydroxycinnamoyl-CoA thioesterases. 
Phytochemistry. 2006;67: 2017-2029. doi:10.1016/j.phytochem.2006.06.028. 
Ravindran P, Nirmal Babu K, Shiva K. Botany and crop improvement of turmeric. In: 
Ravindran PN, Babu KN, Sivaraman K, editors. Turmeric the genus Curcuma. 
Boca Raton: CRC press; 2007. pp. 15-70. 
Reed BM, Wada S, DeNoma J, Niedz RP. Improving in vitro mineral nutrition for 
diverse pear germplasm. In Vitro Cell Dev Biol Plant. 2013a;49: 343-355. 
Reed BM, Wada S, DeNoma J, Niedz R. Mineral nutrition influences physiological 
responses of pear in vitro. In Vitro Cell Dev Biol Plant. 2013b;49: 699-709 
Sarkar R, Pandey S, Sud K, Chanemougasoundharam A. In vitro characterization of 
manganese toxicity in relation to phosphorus nutrition in potato (Solanum 
tuberosum L.). Plant Sci 2004;167: 977-986 
Sarker S, Nahar L. Bioactivity of turmeric. In: Ravindran PN, Babu KN, Sivaraman K, 
editors. Turmeric the genus Curcuma. Boca Raton: CRC press; 2007. pp. 257-
296. 
Schenk RU, Hilderbrandt A. Medium and techniques for induction and growth of 
monocotyledonous and dicotyledonous plant cell cultures. Can J Bot. 1972;50: 
199-204. 
Sim SJ, Chang HN. Fed-batch hairy root cultures with in situ separation. Biotechnol 
Bioprocess Eng. 1999;4(2): 106-111. 
Singh S, Kuanar A, Mohanty S, Subudhi E, Nayak S. Evaluation of phytomedicinal yield 
potential and molecular profiling of micropropagated and conventionally grown 
turmeric (Curcuma longa L.). Plant cell Tiss Organ Cult. 2010;104: 263-269. 
dio:10.1007/s11240-010-9811-8 
 108 
Sluis CJ. Integrating automation technologies with commercial micropropagation. In: 
Gupta SD, Ibaraki Y, editors. Plant tissue culture engineering. Dordrecht: 
Springer; 2006. pp. 231-251.  
Taiz L, Zeiger E.. Plant physiology, fourth ed. Sunderland, Sinauer Associates Inc., 2006 
Takayama S, Akita M. Practical aspects of bioreactor application in mass propagation of 
plants. In: Hvoslef-Eide AK, Preil W, editors. Liquid culture systems for in vitro 
plant propagation. Dordrecht: Springer; 2005. pp. 61-78. 
Tayyem RF, Heath DD, Al-Delaimy WK, Rock CL. Curcumin content of turmeric and 
curry powders. Nutr. Cancer. 2006;55(2): 126-131. 
dio:10.1207/s15327914nc5502_2 
Tripathi L, Tripathi J. Role of biotechnology in medicinal plants. Trop. J. Pharm. Res. 
2003;2(2): 243-253. doi: 10.4314/tjpr.v2i2.14607 
Van Huylenbroeck J, Debergh, P. Impact of sugar concentration in vitro on 
photosynthesis and carbon metabolism during ex vitro acclimatization of 
Spathiphyllum plantlets. Physiol. Plant. 1996;96(2): 298-304. 
Wada S, Niedz RP, DeNoma J, Reed BM. Mesos components (CaCl2, MgSO4, KH2PO4) 
are critical for improving pear micropropagation. In Vitro Cell Dev Biol Plant 
2013;49: 356–365. 
Wada S, Niedz RP, Reed B. Determining nitrate and ammonium requirements for 
optimal in vitro response of diverse pear species. In Vitro Cell Dev Biol Plant 
2015;51: 19-27. doi 10.1007/s11627-015-9662-4  
Walker PN, Harris JP, Gautz LD. Optimal environment for sugarcane micropropagation. 
Trans ASAE. 1991;34: 2609-2614.  
Wu J, Shi M. Ultrahigh diterpenoid tanshinone production through repeated osmotic 
stress and elicitor stimulation in fed-batch culture of Salvia miltiorrhiza hairy 
roots. Appl Microbiol Biotechnol. 2008;78(3): 441-448.  
 109 
Xie Z, Ma X, Gang DR. Modules of co-regulated metabolites in turmeric (Curcuma 
longa) rhizome suggest the existence of biosynthetic modules in plant specialized 
metabolism. J. Exp. Bot. 2009;60(1): 87-97. doi:10.1093/jxb/ern263.  
Yunque DA, Tibubos KR, Hurtado AQ, Critchley AT. Optimization of culture conditions 
for tissue culture production of young plantlets of carrageenophyte Kappaphycus. 
J Appl Phycol. 2011;23: 433-438. 
Ziv M. In vitro hardening and acclimatization of tissue culture plants. In: Withers LA, 
Alderson PG (eds) Plant tissue culture and its agricultural applications, 1986. 
Butterworths, London, pp. 187-196. 
Ziv M. Quality of micropropagated plants: vitrification. In Vitro Cell Dev Biol Plant. 
1991;27(2): 64-69. 
Ziv M. In vitro acclimatization. In: Aitken-Christie J, Kozai T, Smith M, editors. 
Automation and environmental control in plant tissue culture. Dordrecht: Klumer; 
1995. pp. 493-516. 
